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Abstract
Enhancing the performance and efficiency of power converter systems requires
fast-switching power devices with considerably low switching and conduction losses.
Silicon (Si) semiconductor devices are the essential components in electronic converter designs, and their behaviors and switching characteristics determine the system’s overall performance and efficiency. These conventional Si devices are nearing
to hit their physical and operational limits in meeting power converter requirements
with respect to high temperature and large voltage conditions. However, silicon
carbide (SiC) power devices enable greater converter efficiency and better power
density, particularly under hard switching frequencies and high output voltages due
to their outstanding material properties, including lower on-state resistance, higher
electric field, and wider energy bandgap. This research focuses on emerging SiC
semiconductor devices in dc-dc electronic converters to maximize system efficiencies, improve power densities, and overcome the existing limitations of Si technology. The aim of this research is to examine switching behaviors of SiC-based semiconductors, especially at a 650 V blocking voltage range, and to demonstrate their
impact on power converter performance. This experimental research investigates
and compares the device behaviors of the SiC cascode JFET and SiC MOSFET
with Si IGBT and Si MOSFET devices at a similar voltage and current ratings. The
ii

switching behaviors of each device technologies are demonstrated at different parameters, and the switching energy losses under various voltages and currents are
experimentally evaluated in detail using a double-pulse test (DPT). The switching
voltage and current derivatives for each transistor are illustrated as well. Finally,
SiC-based converters are examined at different frequency levels, input voltages,
and load conditions to fully test and explore the converter design with SiC diodes
and transistors with respect to semiconductor loss, overall efficiency, and converter
size and cost. Thus, this research will validate the superior switching performance
of 650 V SiC power devices and show significantly improved overall efficiency in
the SiC-based converters.

iii

Acknowledgements
I would like to thank my advisor, Dr. Mohammad Matin for all of his ongoing
valuable support and advice during my work and dissertation at the University of
Denver.
Additionally, I feel privileged to have Dr. Khodaei and Dr. Gao as my dissertation committee members. I want to thank them for supporting me and advising me
during my graduate study of the Ph.D. program. It is with their dedicated support,
suggestions, discussions, and feedback that I was able to accomplish my work and
overcome the myriad of challenges that I faced while doing my research.
Also, many thanks to my twin brother, Salah, and my colleagues for their valuable discussions and collaboration, since I started my Ph.D. project. Lastly, my love
and gratitude go to my wonderful parents, sisters and brothers, who have unwavering, believed and motivated me to pursue my Ph.D. degree.

iv

Table of Contents
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv
List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii
List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii
1

2

3

Introduction
1.1 Application Background and Motivation
1.2 Dissertation Objective . . . . . . . . . .
1.3 Dissertation Contribution . . . . . . . .
1.4 Dissertation Outline . . . . . . . . . . .

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

1
1
4
6
8

Silicon Carbide (SiC) Semiconductor
Devices
2.1 Silicon Carbide Power Devices .
2.1.1 Si IGBTs . . . . . . . . .
2.1.2 SiC Schottky Diodes . . .
2.1.3 SiC MOSFETs . . . . . .
2.1.4 SiC JFETs . . . . . . . .
2.2 SiC Power Devices Comparison .
2.2.1 Switching Performance . .
2.2.2 Semiconductor Loss . . .
2.3 Conclusion . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

10
15
15
16
17
18
18
19
22
27

.
.
.
.
.
.
.
.

28
29
32
34
35
35
36
37
39

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

Experimental Test Setup for
Switching Performance Evaluation
3.1 Double-Pulse Test (DPT) Setup . . . . . . .
3.2 Circuit Components and Instrument Details
3.3 High Temperature Setup . . . . . . . . . .
3.4 Measurement Requirements . . . . . . . .
3.4.1 Voltage Probe . . . . . . . . . . . .
3.4.2 Current Sensor . . . . . . . . . . .
3.4.3 De-skew Process . . . . . . . . . .
3.5 Conclusion . . . . . . . . . . . . . . . . .

v

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

4

5

6

Switching Performance Evaluation
of 650 V SiC cascode JFETs
4.1 Switching Performance . . . . . . . . . . . . . . .
4.1.1 Si IGBT Switching Performance . . . . . .
4.1.2 SiC cascode JFET Switching Performance .
4.2 Switching Energy Loss Comparison . . . . . . . .
4.2.1 Gate Resistances . . . . . . . . . . . . . .
4.2.2 DC Bus Voltages . . . . . . . . . . . . . .
4.2.3 Switch Currents . . . . . . . . . . . . . . .
4.2.4 Junction Temperatures . . . . . . . . . . .
4.3 Conclusion . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

40
40
41
41
44
44
48
50
52
54

Switching Performance Evaluation
of 650 V SiC MOSFETs
5.1 Switching Performance . . . . . . . . . . . .
5.1.1 Si MOSFET Switching Performance
5.1.2 SiC MOSFET Switching Performance
5.2 Switching Energy Loss Comparison . . . . .
5.2.1 Gate Resistances . . . . . . . . . . .
5.2.2 DC Bus Voltages . . . . . . . . . . .
5.2.3 Switch Currents . . . . . . . . . . . .
5.2.4 Junction Temperatures . . . . . . . .
5.3 Conclusion . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

55
55
56
56
59
59
63
64
66
68

. . .
. . .
. .
. . .
. . .
. . .
. . .
. . .
. . .

High-Gain Converters with SiC JFET
and SiC MOSFET Power Devices
6.1 Cascaded DC-DC Converter . . . . . . . . . . . . . . . . . . . . .
6.1.1 Mode of Operations . . . . . . . . . . . . . . . . . . . . .
6.1.2 Design Equations . . . . . . . . . . . . . . . . . . . . . . .
6.2 Performance Evaluation of the Cascaded Converter Using SiC MOSFETs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.2.1 Switching Frequencies . . . . . . . . . . . . . . . . . . . .
6.2.2 Junction Temperatures . . . . . . . . . . . . . . . . . . . .
6.2.3 Output Power Levels . . . . . . . . . . . . . . . . . . . . .
6.3 High-Gain DC-DC Converter . . . . . . . . . . . . . . . . . . . .
6.3.1 Mode of Operations . . . . . . . . . . . . . . . . . . . . .
6.3.2 Design Equations . . . . . . . . . . . . . . . . . . . . . . .
6.4 Performance Evaluation of the High-Gain Converter Using SiC cascode JFETs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.4.1 Switching Frequencies . . . . . . . . . . . . . . . . . . . .
6.4.2 Input Voltages . . . . . . . . . . . . . . . . . . . . . . . .
vi

70
71
72
73
74
74
75
76
78
79
81
83
83
85

6.5
6.6
7

8

6.4.3 Different Load Conditions . . . . . . . . . . . . . . . . . . 86
Price Comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

A Comparative Performance
Evaluation of SiC MOSFET and SiC JFET for Power Converters
7.1 Converter Topology and Design Specifications . . . . . . . . . .
7.2 Converter Performance Evaluation . . . . . . . . . . . . . . . .
7.2.1 Turn-Off Waveforms . . . . . . . . . . . . . . . . . . .
7.2.2 Turn-On Waveforms . . . . . . . . . . . . . . . . . . .
7.3 Semiconductor Loss Comparison . . . . . . . . . . . . . . . .
7.4 Efficiency Comparison . . . . . . . . . . . . . . . . . . . . . .
7.5 Experimental Verification Results . . . . . . . . . . . . . . . .
7.5.1 Experimental Setup . . . . . . . . . . . . . . . . . . . .
7.5.2 Efficiency Measurement . . . . . . . . . . . . . . . . .
7.5.3 Experimental Results . . . . . . . . . . . . . . . . . . .
7.6 Price Comparison . . . . . . . . . . . . . . . . . . . . . . . . .
7.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

91
92
94
94
95
96
98
102
102
105
107
110
112

Conclusion and Future Work
113
8.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
8.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

Bibliography

118

vii

List of Figures
1.1
1.2
1.3

Market growth of SiC power devices over a few years [28]. . . . . .
The selected Si and SiC devices for switching performance evaluation.
SiC power devices selection for switching and converter evaluation.

2.1
2.2
2.3
2.4
2.5
2.6
2.7

Roadmap of SiC power devices. . . . . . . . . . . . . . . . . . .
Material properties of WBG semiconductor [11]. . . . . . . . . .
Si IGBT in TO-247 package. . . . . . . . . . . . . . . . . . . . .
SiC Schottky diode in TO-247-2LD package. . . . . . . . . . . .
SiC MOSFET in TO-247 package. . . . . . . . . . . . . . . . . .
SiC cascode JFET in TO-247 package. . . . . . . . . . . . . . . .
Turn-off switching waveforms of Si IGBT, SiC JFET and SiC MOSFET power devices at Vdc = 100 V/div and Isw = 5 A/div when
Rg = 5Ω [59]. . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.8 Turn-on switching waveforms of Si IGBT, SiC JFET and SiC MOSFET power devices at Vdc = 100 V/div and Isw = 5 A/div when
Rg = 5Ω [59]. . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.9 Turn-on and turn-off switching energy loss of Si IGBT, SiC JFET,
and SiC MOSFET power devices at different switch currents with
Vin = 200 V and Rg = 5Ω [59]. . . . . . . . . . . . . . . . . . .
2.10 Switching energy total loss for Si IGBT, SiC JFET, and SiC MOSFET at different switch currents with Vin = 200 V and Rg = 5Ω
[59]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.11 Switching and conduction losses for Si IGBT, SiC JFET, and SiC
MOSFET at different input voltages [59]. . . . . . . . . . . . . .
3.1
3.2
3.3
3.4
3.5
3.6
3.7

Simplified the DPT circuit for device characterization.
DPT setup for switching evaluation. . . . . . . . . . .
Double-pulse waveforms. . . . . . . . . . . . . . . . .
Switching waveforms. . . . . . . . . . . . . . . . . .
High-voltage differential probes (model – P5200A). . .
Current sensor (model – 3025). . . . . . . . . . . . . .
11 ns skew between the voltage and current waveforms.

viii

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

4
6
7
11
13
16
17
18
19

. 20

. 20

. 23

. 24
. 25
.
.
.
.
.
.
.

30
30
31
35
36
37
38

3.8

Both voltage probe wavefoms and current sensor waveform are
aligned after de-skew process. . . . . . . . . . . . . . . . . . . . . 38

4.1

Switching waveforms of Si IGBT at the turn-off condition when
Vce = 400 V, Ic = 15 A, Rg(of f ) = 20 Ω, and Tj = 25◦C . . . . . . . .
Switching waveforms of Si IGBT at the turn-on condition when
Vce = 400 V, Ic = 15 A, Rg(of f ) = 5 Ω, and Tj = 25◦C . . . . . . . . .
Switching waveforms of SiC cascode JFET at the turn-off condition
when Vds = 400 V, Id = 15 A, Rg(of f ) = 20 Ω, and Tj = 25◦C . . . . .
Switching waveforms of SiC cascode JFET at the turn-on condition
when Vds = 400 V, Id = 15 A, Rg(of f ) = 5 Ω, and Tj = 25◦C. . . . . .
Turn-on energy loss, turn-off energy loss, and total switching energy loss of Si IGBT and SiC cascode JFET with Vsw = 400 V and
Isw = 15 A at different gate resistances [15]. . . . . . . . . . . . .
Switching waveforms of SiC cascode JFET at the turn-off condition
when Vds = 400 V, Id = 15 A, Tj = 25 ◦C, Rg(of f ) = 40 Ω, and Rg(on) =
5 Ω. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Switching waveforms of SiC cascode JFET at the turn-on condition
when Vds = 400 V, Id = 15 A, Tj = 25 ◦C, Rg(of f ) = 20 Ω, and Rg(on) =
25 Ω. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Voltage derivatives (dv/dt) of Si IGBT and SiC cascode JFET at
different gate resistances. . . . . . . . . . . . . . . . . . . . . . .
Current derivatives (di/dt) of Si IGBT and SiC cascode JFET at
different gate resistances. . . . . . . . . . . . . . . . . . . . . . .
Switching energy loss comparison between Si IGBT and SiC cascode JFET devices at different voltage levels when Isw = 10 A,
Rg(of f ) = 20 Ω, and Rg(on) = 5 Ω [6]. . . . . . . . . . . . . . . . .
Switching energy loss comparison between Si IGBT and SiC cascode JFET devices at different switch currents when Vsw = 400 V,
Rg(of f ) = 20 Ω, and Rg(on) = 5 Ω [6]. . . . . . . . . . . . . . . . .
Turn-off switching energy losses for Si IGBT and SiC cascode JFET
power devices at different switch currents when Tj = 25◦C and Tj =
50◦C [15]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Turn-on switching energy losses for Si IGBT and SiC cascode JFET
power devices at different switch currents when Tj = 25◦C and Tj =
50◦C [15]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4.2
4.3
4.4
4.5

4.6

4.7

4.8
4.9
4.10

4.11

4.12

4.13

5.1
5.2

. 42
. 42
. 43
. 43

. 45

. 46

. 47
. 47
. 48

. 49

. 51

. 53

. 53

Switching waveforms of Si MOSFET at the turn-off condition when
Vds = 400 V, Id = 15 A, Rg(of f ) = 20 Ω, and Tj = 25◦C. . . . . . . . . 57
Switching waveforms of Si MOSFET at the turn-on condition when
Vds = 400 V, Id = 15 A, Rg(of f ) = 20 Ω, and Tj = 25◦C. . . . . . . . . 57

ix

5.3

Switching waveforms of SiC MOSFET at the turn-off condition
when Vds = 400 V, Id = 15 A, Rg(of f ) = 20 Ω, and Tj = 25◦C. . . . . .
5.4 Switching waveforms of SiC MOSFET at the turn-on condition
when Vds = 400 V, Id = 15 A, Rg(of f ) = 20 Ω, and Tj = 25◦C. . . . . .
5.5 Turn-on energy loss, turn-off energy loss, and total switching energy loss of Si MOSFET and SiC MOSFET with Vsw = 400 V and
Isw = 15 A at different gate resistances [15]. . . . . . . . . . . . . .
5.6 Switching waveforms of SiC MOSFET at the turn-on condition
when Vds = 400 V, Id = 15 A, Tj = 25 ◦C, Rg(of f ) = 20 Ω, and Rg(on) =
25 Ω. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.7 Voltage derivatives (dv/dt) of Si MOSFET and SiC MOSFET at
different gate resistances. . . . . . . . . . . . . . . . . . . . . . . .
5.8 Current derivatives (di/dt) of Si MOSFET and SiC MOSFET at
different gate resistances. . . . . . . . . . . . . . . . . . . . . . . .
5.9 Switching energy loss comparison between Si MOSFET and SiC
MOSFET devices at different voltage levels when Isw = 10 A, Rg(of f ) =
20 Ω, and Rg(on) = 5 Ω [6]. . . . . . . . . . . . . . . . . . . . . . .
5.10 Switching energy loss comparison between Si MOSFET and SiC
MOSFET devices at different switch currents when Vsw = 400 V,
Rg(of f ) = 20 Ω, and Rg(on) = 5 Ω [6]. . . . . . . . . . . . . . . . . .
5.11 Turn-off switching energy losses for Si MOSFET and SiC MOSFET power devices at different switch currents when Tj = 25◦C and
Tj = 50◦C [15]. . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.12 Turn-on switching energy losses for Si MOSFET and SiC MOSFET
power devices at different switch currents when Tj = 25◦C and Tj =
50◦C [15]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.1
6.2
6.3

6.4

6.5
6.6
6.7
6.8
6.9

Low voltage DC distribution system . . . . . . . . . . . . . . . . .
Cascaded DC-DC Converter . . . . . . . . . . . . . . . . . . . . .
Total power loss and efficiency Comparison of the conveter at different switching frequencies for Si MOSFET/Si diode and SiC MOSFET/SiC Schottky diode [15]. . . . . . . . . . . . . . . . . . . . .
Total power loss and efficiency Comparisons of the conveter at
different switching frequencies for Si MOSFET/Si diode and SiC
MOSFET/SiC Schottky diode [15]. . . . . . . . . . . . . . . . . . .
Schematic of a high-gain converter [6]. . . . . . . . . . . . . . . . .
Switching patterns of active switches [6]. . . . . . . . . . . . . . .
The high-gain converter – Mode A [34] . . . . . . . . . . . . . . .
The high-gain converter – Mode B [34] . . . . . . . . . . . . . . .
The high-gain converter – Mode C [34] . . . . . . . . . . . . . . .

x

58
58

61

62
62
63

64

66

67

68
71
72

75

77
79
79
80
81
82

6.10 Si CoolMOS and SiC cascode JFET-based converter loss comparison at different switching frequencies [6]. . . . . . . . . . . . . . .
6.11 Si CoolMOS and SiC cascode JFET-based converter efficiency comparison at different input voltage levels [6]. . . . . . . . . . . . . .
6.12 Si CoolMOS and SiC cascode JFET-based converter loss comparison at different output power levels [6]. . . . . . . . . . . . . . . .
6.13 Price comparison of Si and SiC power devices with a blocking voltage of 650 V at different rating currents [12]. . . . . . . . . . . . .
7.1
7.2
7.3

7.4

7.5
7.6
7.7
7.8
7.9
7.10
7.11
7.12
7.13
7.14
7.15

Emerging different low voltage device technologies in the converter
design. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Schematic of the DC–DC boost converter [15]. . . . . . . . . . .
Switching waveforms of the Si IGBT and SiC MOSFET power devices at the turn-off condition when Vout = 400 V, fsw = 20 kHz and
Tc = 25◦C [59]. . . . . . . . . . . . . . . . . . . . . . . . . . . .
Switching waveforms of the Si IGBT and SiC MOSFET power devices at the turn-on condition when Vout = 400 V, fsw = 20 kHz and
Tc = 25◦C [59]. . . . . . . . . . . . . . . . . . . . . . . . . . . .
Switching and conduction losses of Si IGBT and SiC MOSFET
power devices in the boost converter [59]. . . . . . . . . . . . . .
Switching and conduction losses of Si IGBT and SiC cascode JFET
power devices in the boost converter [59]. . . . . . . . . . . . . .
Efficiency comparison at different input voltages with fsw = 20 kHz
[15]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Conduction loss comparison at different input voltages with fsw =
20 kHz [15]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Efficiency comparison at different switching frequencies with Vin =
200 V [15]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Switching loss comparison at different switching frequencies with
Vin = 200 V [12]. . . . . . . . . . . . . . . . . . . . . . . . . . .
Efficiency comparison at different switching frequencies with fsw =
20 kHz [12]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Turn-off and turn-on dv/dt of Si IGBT, SiC MOSFET and SiC cascode JFET power devices at different gate resistances [59]. . . . .
Turn-off and turn-on di/dt of Si IGBT, SiC MOSFET and SiC cascode JFET power devices at different gate resistances [59]. . . . .
Typical diagram for an efficiency measurement. . . . . . . . . . .
Switching waveforms of the SiC cascode JFET in the boost converter at the turn-off condition when Fsw = 20 kHz and Tc = 25◦C
when Rg(of f ) = 20 Ω and Rg(on) = 5 Ω. . . . . . . . . . . . . . . .

xi

84
85
87
88

. 92
. 93

. 95

. 96
. 97
. 97
. 99
. 100
. 101
. 102
. 103
. 105
. 106
. 107

. 108

7.16 Switching waveforms of the SiC cascode JFET in the boost converter at the turn-on condition when Fsw = 20 kHz and Tc = 25◦C
when Rg(of f ) = 20 Ω and Rg(on) = 5 Ω. . . . . . . . . . . . . . . . . 108
7.17 Efficiency comparison between Si and SiC-based converters [6]. . . 109
7.18 Passive element at different switching frequencies. . . . . . . . . . 110

xii

List of Tables
2.1
2.2
2.3

Si and SiC Semiconductor Properties [60] . . . . . . . . . . . . . . 13
Main Parameters of the Selected Power Devices for the Power Converter [6] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
Swtiching and Conduction Losses of Si and SiC Power Devices
Used in the High-Gain Converter [6] . . . . . . . . . . . . . . . . . 26

3.1
3.2
3.3

Main Parameters of the Selected Power Devices [6] . . . . . . . . . 29
Major Components for the DPT Setup . . . . . . . . . . . . . . . . 32
Instrument Specifications . . . . . . . . . . . . . . . . . . . . . . . 36

4.1
4.2
4.3

Main Parameters of the Evaluated Power Devices [6] . . . . . . .
Switching Performance Comparsions . . . . . . . . . . . . . . . .
Switching Energy Loss Comparsion at Various Gate Resistances for
Si IGBT and SiC cascode JFET Power Devices [6] . . . . . . . .
Switching Energy Loss Comparsion at Various DC Bus Voltages
for Si IGBT and SiC cascode JFET Power Devices [6] . . . . . .
Switching Energy Loss Comparsion at Various Switch Currents for
Si IGBT and SiC cascode JFET Power Devices [6] . . . . . . . .

. 41
. 44

Main Parameters of the Evaluated Power Devices [6] . . . . . . .
Switching Performance Comparsions . . . . . . . . . . . . . . . .
Switching Energy Loss Comparsion at Various Gate Resistances for
Si MOSFET and SiC MOSFET Power Devices [6] . . . . . . . .
Switching Energy Loss Comparsion at Various DC Bus Voltages
for Si MOSFET and SiC MOSFET Power Devices [15] . . . . . .
Switching Energy Loss Comparsion at Various Switch Currents for
Si MOSFET and SiC MOSFET Power Devices [6] . . . . . . . .

. 56
. 59

4.4
4.5
5.1
5.2
5.3
5.4
5.5
6.1
6.2

6.3

. 46
. 49
. 50

. 60
. 64
. 65

Parameters for the Cascaded Boost Converter . . . . . . . . . . . . 72
Power Converter Loss at Different Switching Frequencies and a
Junction Tempperature of 125◦C for Si and SiC-Based Converters
[15] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
Swtiching and Conduction Losses of Si and SiC Power Devices
Used in a 206 W Cascaded Converter [12] . . . . . . . . . . . . . . 76
xiii

6.4
6.5
6.6
6.7
7.1
7.2
7.3
7.4
7.5
7.6
7.7

Total power loss Comparisons at Two Different Temperatures [12]
Main Specifications for the High-Gain Converter [6] . . . . . . .
Total Power Loss of Si and SiC Power Devices in the High-Gain
dc-dc Converter at Different Switching Frequencies [6] . . . . . .
Price Comparison for Different Device Technologies Implemented
in the High-Gain Converter . . . . . . . . . . . . . . . . . . . . .

. 77
. 78
. 85
. 89

Major Circuit Parameters of the Boost Converter . . . . . . . . . . 93
Total Loss of Si IGBT, SiC MOFET, and SiC cascode JFET in the
Converter Design [59] . . . . . . . . . . . . . . . . . . . . . . . . . 98
Main Parameters of the Evaluated Power Devices [59] . . . . . . . 104
Gate Voltage and Resistance Specifications for each Power Device . 104
Boost Inductor and Capacitor at Different Switching Frequencies [59]110
Price Comparison between the Passive Elements in the Converter
Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
Price Comparison for Different Device Technologies Implemented
in the Converter Design . . . . . . . . . . . . . . . . . . . . . . . 112

xiv

Chapter 1
Introduction

1.1

Application Background and Motivation

The need for electrical energy is increasing with no end in sight. Most electricity for power generation will pass through electronic converters as they used in
electrical power processing through their switching devices in all stages of generation, transmission, and distribution [1, 2]. The increasing demand for electrical
power production is leading to a corresponding need for more efficient power converters. This in turn has led to growing exploration of new technologies that can
help converters achieve higher power densities and energy efficiencies. Improved
power converter technology can lead to greater energy savings and more efficient
energy conversion in dc-distribution systems, with a high penetration of step-up
dc-dc converters [3–5].
The last two decades witnessed tremendous developments in renewable energy
system technologies to meet the increased power demands. High efficiency with
better power density of power electronic converters are more desirable for renew1

able energy applications such as photovoltaic (PV) systems, which are fulfilled by
dc-dc converter topologies. Most of high-gain converter are commonly utilized in
low-voltage renewable energy systems as they offer large gain voltage ratio, small
output current ripple, and relatively high converter efficiency [6–10]. Despite these
advantages, the high-gain converters have large semiconductor losses under high
switching and high voltage operations. The losses of semiconductor devices are
considered to be the main source of power losses within the converter system [11].
Conventional Si devices are nearing to hit their physical and operational limits in
meeting power converter requirements with respect to high temperature and large
voltage conditions. These devices exhibit high semiconductor losses and relatively
poor dynamic performances at higher frequencies and voltages that are required by
advanced converter designs for high power applications.
However, SiC-based semiconductors such as SiC MOFETs, SiC JFETs and SiC
BJTs promise to provide considerable advantages to dc-dc converter designs that
enable them to operate at very high switching speed with better power density and
higher converter efficiency by lowering switching energy losses during turn-off and
turn-on transitions [12]. SiC technology offers an important solution to address
the need to improve energy efficiency and enhance converter performance for highvoltage applications [13–15].
SiC semiconductor power devices are relatively uncommon in power converter
applications due to their high cost, limited availability, packaging issues, and implementation complexity. Due to the unique properties of SiC power device, they are
receiving more attention from researches and industries to explore their switching
characteristics and dynamic performance as compared to traditional Si semiconductor devices [16, 17]. SiC MOSFETs and JFETs have been tested as alternatives
2

to replace Si-based semiconductors in hard-switching and high-voltage converter
designs, because of their superior performance and higher switching speeds with
lower turn-on energy losses during commutating switching events. Increasing the
operation of converter frequency will decrease the converter volume and lowering
the cooling system requirements [18–20]. Consequently, SiC-based semiconductor
devices allows advanced dc-dc converters to work at harsh environmental conditions with very high converter efficiency than power converters based on the conventional Si devices.
Previous studies in power electronics literature have mainly focused on SiC
power devices at higher voltages ranging from 10 kV to 15 kV [21–23]. They reported the advantages of SiC MOSFETs under fast-switching and high-temperature
conditions compared with Si power MOSFETs. SiC semiconductor devices at
blocking capabilities of 10 kV and 15 kV were tested against Si devices, which
showed that the SiC devices were superior to use for power converters under high
operating conditions [24]. The intrinsic characteristics of SiC power devices enabled high-voltage converters to achieve very high energy conversion with low
semiconductor losses a at fast switching frequency [25, 26]. However, there has
been comparatively little research on low-voltage SiC power devices, especially
SiC cascode devices at 650 V integrated in high-gain dc-dc converters [27].
Fig. 1.1 clearly shows the trajectory of the expectation for the growth of the SiC
market since 2016, which should increase by up to one billion US dollars by the
year 2022 [28]. This data indicates that the application of SiC technology is rapidly
going up in various power conversion systems [29–31]. The emerging SiC power
devices in power converter circuits allows for improving energy conversion efficiency and power density. The emerging benefits of SiC technology are extremely
3

Figure 1.1: Market growth of SiC power devices over a few years [28].
important for power converters used in advanced power conversion applications.
Specifically, SiC power devices are highly desirable for HEVs and battery charging
systems, since they provide excellent characteristics and outstanding switching performance in high switching and high-temperature operations [32, 33]. Recently, the
Tesla Company developed their model three-phase inverters with utilization of SiC
MOSFETs to reduce the inverter size and improve overall system efficiency. Therefore, the emergence of SiC power devices is going to be exponentially increased and
widely adopted at the market of electronic converters in the near future.

1.2

Dissertation Objective

high-gain converters can offer low semiconductor stress on switches and small
ripples on the input current and output voltage, making them more desirable for
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renewable energy systems [34]. However, these converter circuits experience relatively low overall efficiency in application which demand high operation voltages,
high operation frequencies, and high operation temperatures.
Utilizing latest SiC semiconductor transistors such as SiC cascode JFETs and
SiC MOFET from different manufactures in the converter designs allows a necessary improvement in the overall converter’s efficiency and address the need for
efficient energy conversion systems. The research investigates the dynamic performance and switching energy loss, as well as demonstrates the impact of how the
new semiconductor devices increase the overall converter efficiency [59].
The main objectives of this dissertation are as follows:
• The research experimentally evaluated the switching characteristics of the
new-generation 650 V SiC cascode JFET and SiC MOSFET using a doublepulse test (DPT) circuit [6]. Additionally, this research project presents performance evaluations of low-voltage Si and SiC power devices from different
manufacturers, as shown in Fig. 1.2. This evaluation includes voltage and
current overshoots, switching times, and switching energy losses, as well as
switching derivative and speed for each switch technology under the same
electrical operating conditions.
• Different dc-dc converter topologies are designed with SiC MOSFET and
SiC cascode JFET transistors as well as SiC diodes in order to examine their
impacts on the converter designs and maximize the converter efficiency and
power density. The findings of SiC-based converters are demonstrated and
compared against the conventional Si-based converters.

5

Figure 1.2: The selected Si and SiC devices for switching performance evaluation.

1.3

Dissertation Contribution

There has been little research on 650 V SiC cascode devices and rating current
of ten amperes for low to medium voltage applications [6]. SiC cascode JFETs
offer promise of significant benefit to system-level performance as they provide
higher voltage capability, lower semiconductor losses, and faster switching speed
when compared to different transistors from non-cascode configurations [6, 27].
Researchers have not fully investigated the utilization of SiC cascode JFET devices
at 650 V and demonstrated their great benefits to the converter systems. This research shows the switching behavior as well as dynamic performance of the SiC
cascode JFET at various gate resistances, switch currents, DC bus voltages, and
junction temperatures, specifically for low voltage switching devices [27].
The methodology for selecting different device technologies is to have an equal
comparison between their main parameters. This can be achieved by selecting the
same breakdown voltage, current rating, and device package for each device, as
illustrated in Fig. 1.3. This research provides insight into the capabilities of low
voltage SiC transistors by investigating their switching characteristics and perfor-
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Figure 1.3: SiC power devices selection for switching and converter evaluation.
mances with the converter designs under different operating conditions. Emerging
650 V SiC power devices enable power converters to be operated more efficiently
with reduced energy loss, which are critical factors in power converters.
The major contributions of the dissertation are as follows:
• This research fully investigates the switching behavior as well as dynamic
performance of the latest 650 V SiC power devices at different parameter
and operating conditions. For the first time, a 650 V SiC cascode JFET’s
switching performance is investigated experimentally at the component level
(power device) and systems level (power converter) and compared with the
commercially available Si and SiC power devices [6, 27].
• The DPT board is designed and build to evaluate the switching characteristics at various gate resistances, switch currents, DC bus voltages and junction
temperatures. An advanced gate driver is used for the device characteriza-
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tion setup and to demonstrate the effect of changing gate resistances during
switching events.
• Optimized turn-off and turn-on gate resistances are determined for SiC power
devices to reduce the ringing oscillations as well as the voltage and current
derivative issues. Their optimized values and emerging effects of SiC transistors are demonstrated on the converter design.
• Different step-up and high-gain converters are designed based on SiC power
devices, and SiC-based converter designs are examined at different operating conditions. The total loss and efficiency results are compared with the
conventional Si-based converter.
• This work shows the benefits of 650 V SiC MOSFETs and JFETs in power
converter systems since conventional Si devices are very competitive with
SiC power devices at 650 V. Therefore, this research will increase awareness
of emerging 650 V SiC power devices in power converter designs.

1.4

Dissertation Outline

This research is structured as follows. Chapter 2 introduces the overview of
SiC technology and provides their material properties of SiC-based semiconductors.
The roadmap of different SiC transistors is discussed. Their switching performance
and semiconductor loss are examined and compared with Si devices.
Chapter 3 provides an experimental method used for obtaining the switching
waveforms. The setup of the DPT circuit is discussed to investigate the dynamic
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performance of each device. The measurement requirements for the switching
waveforms as well as the alignment process are provided.
Chapter 4 examines the switching performance of 650 V, 54 A SiC cascode
JFET and 650 V, 55 A Si IGBT device at various parameters and operating conditions. The device loss evaluation of each device is discussed with various operating
conditions.
Chapter 5 evaluates the switching performance of SiC MOSFET against the
Si MOSFET device through the DPT circuit. Their switching characteristics are
identified at higher voltages and currents. The dynamic performance and energy
loss are examined at different parameters and operating conditions.
Chapter 6 provides design and operation analysis of different high-gain typologies and presents the results of performance evaluation when using SiC power devices. The converter loss and overall efficiency are provided compared with the
conventional Si-based converters.
Chapter 7 gives design specifications of the selected power converter. The semiconductor losses between Si and SiC transistors are evaluated within the converter
design. The utilization of SiC cascode JFET and SiC Schottky diode in the converter prototype is demonstrated to maximize converter efficiency and power density. The experimental setup, measurement methods are described, and the results
of the SiC-based converters at higher frequencies and voltages are discussed.
Finally, chapter 8 concludes by discussing the finding results and suggesting
multiple future works.

9

Chapter 2
Silicon Carbide (SiC) Semiconductor
Devices
The technology of SiC transistors is consistently progressing toward higher
power handling capabilities and focusing on improving industrial converter designs.
There is more interest in using new switching devices made from SiC materials to
provide efficient energy conversion systems [35–38]. These new power transistors
work at high-switching and high-voltage conditions, which they are able to exceed the current performance limitations of conventional Si-based devices. Consequently, SiC transistors provide remarkable dynamic performances and outstanding
characteristics, which will lead to further improvements in converter performance
and efficiency [39, 40].
There are many semiconductor manufacturers for creating and producing SiC
transistors and diodes in the marketplace. Fig. 2.1 illustrates the roadmap of SiC
semiconductor devices. The first switching device made with SiC materials was
SiC Schottky diodes commercialized in the market by Infineon in early 2001. In

10

Figure 2.1: Roadmap of SiC power devices.
late 2008, SiC JFET transistors came out on the market created by Semi South.
Then, Cree manufactured SiC MOSFETs and released in early 2012. After the SiC
MOSFET, the SiC super junction transistor was created by GeneSiC and fabricated
in late 2013. The SiC cascode and SiC cascode JFET were the latest SiC power
devices manufactured by UnitedSiC and released in the market in early 2016. Finally, the SiC IGBT, which is a bipolar device structure combined with SiC diode
or SiC transistor, is under investigation and development. It is expected that SiC
IGBT will be released and commercialized in the next few years.
The switching performance and effect of different SiC transistors on efficiency
and power density are presented in multiple studies in [41–44]. They have highlighted their advantages that allows a great improvement the in PV inverter efficiency and a significant reduction is the inverter weight and size. Researchers
have also showed the application of SiC Schottky diodes in three level converter
configurations to achieve lower conduction losses at higher current and voltages
ratings [45–47]. SiC diodes combined with Si transistors with very low on-state
11

resistance as hybrid device package have been studied and used for high switching
frequency converters [48, 49]. These hybrid switching devices make them more
attractive for power converters that required high-switching frequency operations.
Utilizing high-speed SiC power devices can enable converter designs to operate
with lower switching and conduction losses and better withstand at extreme environmental conditions when compared to conventional Si devices [50–52].
Emerging SiC transistors and diodes in dc-dc converter topologies under hard
and soft-switching applications have shown superior switching and conduction performance as well as excellent efficiency. The callabilities and performance comparisons of these new transistors within various topologies of dc-ac and dc-dc power
converters has been characterized and analyzed in [53–55]. The challenges of use
and implementation of SiC MOSFET devices in renewable energy converter designs are studied in detail in [56–58].
The performance capabilities of different SiC power transistors are tested in a
non-isolated boost converter to improve the converter performance and maximize
overall efficiency [59]. SiC cascode JFET at 650 V introduced by USCi have been
studied and evaluated in [6]. These transistors allow the converter designs to achieve
low power loss, excellent energy conversion, and high overall efficiency, thanks to
their high-voltage capabilities, high-switching frequencies, and high-temperature
operations [11].
Furthermore, one of the most mature and well-established of semiconductor devices used in high-voltage applications is the Si IGBT, whose performance analysis
was evaluated and compared against that of SiC MOSFETs and SiC JFETs at similar voltage rating. The impacts of integrating them in a non-isolated boost converter
were demonstrated in [15, 59]. The design of the boost converter employing SiC
12

diodes and SiC MOSFET and SiC JFET devices achieved very high efficiency at
different operating conditions.
Comparison of material properties for different wide bandgap (WBG) semiconductors is listed in Table 2.1 [60]. SiC semiconductors exhibit remarkable
properties, such as high electric field, lowe on-state resistance, and larg saturated
electron velocity, and high thermal conductivity, as illustrated in Fig. 2.2 [6, 11].
These properties enable SiC power devices to outperform traditional Si transistors
in hard-switching and high-voltage converter applications [61–63].
Table 2.1: Si and SiC Semiconductor Properties [60]
Properties
Bandgap
Thermal Conductivity

Symbol

Si

SiC

Unit

EG

1.12

3.26

[eV]

λ

1.5

4.9
7

[W/cmK]
7

Saturation Drift Velocity

vsat

1 × 10

2 × 10

[cm/s]

Electric Breakdown Field

EB

0.23 × 105

2.2 × 106

[MV/cm]

Figure 2.2: Material properties of WBG semiconductor [11].
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1. High Voltage Operation
SiC semiconductor devices have considerably higher breakdown field strength
and lower intrinsic carrier density than existing Si devices. Due to higher a
doping concentration with a small depletion region, SiC devices possess less
on-state resistance when compared to Si semiconductors. These outstanding
properties of SiC devices result in lower conduction losses at higher voltages, making them attractive candidates in advanced converter topologies.
Improved efficiency and increased power density of converter designs can be
achieved using SiC semiconductor devices because of their inherit low specific on-resistances [64, 65].
2. High Switching Operation
The saturation carrier drift velocities for SiC semiconductor are comparatively higher the conventional semiconductors. The combinations of higher
energy bandgap and mobility of electron velocity of SiC power devices significantly reduces the dynamic losses, allowing increased converter operating frequency while reducing the size of converter inductors and capacitors.
Therefore, the passive elements in the converter designs are dramatically decreased because of the fast speed capabilities and superior switching performances of SiC devices at higher switching frequencies, which will improve
the converter efficiency and total cost [66, 67].
3. High Temperature Operation
SiC devices have excellent thermal conductivity and higher melting points,
significantly affecting the power density and cooling systems of power converters. This means that these new power devices can work more efficiency
14

at high-operation temperatures. They are especially well-suited to harsh environmental conditions such as aerospace applications. SiC offers an efficient
heat transfer because of their larger longitudinal acoustic velocity as compared to Si technology, allowing them to use smaller heat sinks and cooling
systems for the converter designs [68, 69].

2.1
2.1.1

Silicon Carbide Power Devices
Si IGBTs

The Si IGBT is the most popular and widely used in power converter applications. Fig. 2.3 shows the 650 V IGBT manufactured by Infineon, which can
strongly compete with low voltage SiC transistors . The converter evaluation with
SiC transistors at 1200 V has been examined and compared with the converter with
a 1200 V Si IGBT transistor [59]. These papers show that the energy-on and energyoff losses for the IGBTs is much higher than SiC MOSFET and SiC JFET due to its
higher time delay [12]. The conventional Si device takes more time to fully turn-off
and turn-off, which will significantly increase switching time and switching energy
losses during the switching events. However, the results present and explore the
advantage of using SiC MOSFET and SiC JFET power devices and demonstrate
their unique switching performance in the converter design under high-frequency
and high-power conditions.

15

Figure 2.3: Si IGBT in TO-247 package.

2.1.2

SiC Schottky Diodes

SiC Schottky diode was the first commercialized device based on SiC materials
created by Infineon in early 2001, as shown in Fig. 2.4. SiC diodes are investigated, and their robust switching performance are compared to conventional Si
diodes at the converter level under higher frequency conditions [70]. The Schottky
diode structure together with WBG materials provide faster switching capabilities
at higher voltage and current conditions with very low reverse recovery loss when
compared to different types of conventional diodes [71, 72]. Unlike PiN diodes,
SiC diodes possess intrinsic characteristics with lower reverse recovery charge and
time, which makes them more desirable in high-power and high-switching converter applications. A lower semiconductor loss and higher power density can be
considerably improved by utilizing SiC Schottky diodes into high-power converter
designs. Also, ringing oscillations and electromagnetic interference (EMI) issues
in the converter system can be mitigated [73, 74].
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Figure 2.4: SiC Schottky diode in TO-247-2LD package.

2.1.3

SiC MOSFETs

Recently, Cree has developed a 900 V SiC MOSFET that is an excellent alternative to low voltage switching devices, as shown in Fig. 2.5. Using SiC MSOFETs
in high-power converter applications can significantly enhance the converter performance under high voltage operations by decreasing switching energy loss and
increasing converter efficiency [75, 76]. The remarkable properties of SiC power
devices, such high thermal conductivity, low on-state resistance, large electron mobility, have direct impacts on the switching performance and power density of converter designs [77, 78]. SiC MOSFETs with their fast switching speed provide a
great reduction in semiconductor losses during switching events. In addition, SiC
MOSFET offer high thermal capability enabling the converter technology to withstand at higher temperature conditions with smaller heat sinks and less requirements
in the cooling system [79, 80]. These new power devices have some operational
limits at higher voltages and temperatures due to their higher rates of switching
derivatives and higher ringing oscillations [81,82]. This research will provide some
solutions to mitigate these issues.
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Figure 2.5: SiC MOSFET in TO-247 package.

2.1.4

SiC JFETs

SiC cascode and SiC JFET power devices offer lower switching loss, faster
switching transition, and higher blocking voltage, than conventional Si devices such
as Si MOSFETs and Si diodes [83–85]. Recently, they became commercially available in the marketplace at 650 V and higher breakdown voltages. SiC cascode
JFETs, created by UnitedSiC, promise to provide an outstanding switching performance and exceed the current limitations of Si technology [6]. Fig. 2.6 illustrates
a SiC cascode JFET, which is formed by a high-voltage SiC normally-on JFET together with a low-voltage Si MOSFET all in one switching design [6]. Its advantage
is that a standard gate driver can be used for driving the device during turn-off and
turn-on conditions [86–88]. There is no need for an addition circuit to be inserted
in the gate driver for supplying a negative voltage [89, 90].

2.2

SiC Power Devices Comparison

The switching characteristics and behaviors of Si IGBT, SiC MOSFET, and SiC
JFET power devices are discussed and examined in the converter system [59]. Table
2.2 presents the major parameters of three power devices evaluated in the section.
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Figure 2.6: SiC cascode JFET in TO-247 package.
Si and SiC power devices from different semiconductor manufacturers are selected
based on their similarity in breakdown voltages, rated currents, on-state resistances,
and packaging specifications.
Table 2.2: Main Parameters of the Selected Power Devices for the Power Converter
[6]
Device technology

Si IGBT

SiC JFET

SiC MOSFET

IKW15N120H3

UJN1205K

C2M0040120D

Infineon

UnitedSiC

Cree

TO-247-3

TO-247-3

TO-247-3

1200 V

1200 V

1200 V

Rated current (25 C)

30 A

38 A

60 A

Max. junction temp.

150◦C

175◦C

150◦C

Model
Manufacturer
Package
Breakdown voltage
◦

2.2.1

Switching Performance

The switching waveforms are obtained to explore the converter performance
with each power transistor at an output voltage of 400 V and a frequency of 30 kHz
19

[15]. The measured switching energy loss for SiC-based converters is evaluated at
various load currents and input voltages.

Figure 2.7: Turn-off switching waveforms of Si IGBT, SiC JFET and SiC MOSFET
power devices at Vdc = 100 V/div and Isw = 5 A/div when Rg = 5Ω [59].

Figure 2.8: Turn-on switching waveforms of Si IGBT, SiC JFET and SiC MOSFET
power devices at Vdc = 100 V/div and Isw = 5 A/div when Rg = 5Ω [59].

• Si IGBT Switching Performance
The first device analyzed in this comparison is a 1200 V, 30 A Si IGBT made
by Infineon Technologies [59]. It can operate at up to 100 kHz switching
20

frequency [59]. Its gate voltage is –20 V during turn-off and +20 V during
turn-on transition with a 5 Ω gate resistance for the drive circuit [59]. The
waveforms of voltage and current for the Si IGBT, SiC JFET, SiC MOSFET
in turn-on and turn-off transition are illustrated in Figs. 2.7 and 2.8 [59].
The collector current waveform for the Si IGBT has a maximum overshoot of
12.5 A in the turn-on transition [59]. Its energy-off loss is 443.54 µj during
the turn-off transition, while its energy-on loss is 123.54 µj during the turnon transition [59]. The energy losses are increased rapidly due to the tailing
current of the IGBT device when increasing the load current, as plotted in Fig
2.9 [59]. Compared to the SiC devices, the Si IGBT has the most switching
energy loss in both turn-on and turn-off transitions [59].
• SiC JFET Switching Performance
The next device examined is a 1200 V, 38 A, normally-on SiC JFET, with
an on-resistance of 45 mΩ, manufactured by United Silicon Carbide [59].
Although it can operate at higher switching frequencies, it is limited to 100
kHz for this comparison [59]. The gate voltage of the drive circuit is –20
V for the turn-off transition and +5 V for the turn-on transition, with a 5 Ω
gate resistance [59]. Because of its normally-on behavior, a negative voltage
is required in order to turn off the switch [59]. It has an energy-on loss of
114.6 µj and an energy-off loss of 55.01 µj [59]. There is a small overshoot
in the drain current waveform during the turn-on transition, and a ringing in
the device current and voltage waveforms as shown in Figs. 2.7 and 2.8 [59].
Also, there is a noteworthy increase in the ringing of the drain current and
drain-source voltage waveforms when the gate resistance is reduced [59].
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• SiC MOSFET Switching Performance
The SiC MOSFET is the latest power device manufactured by Cree. It has
the lowest on-resistance compared other device technologies [59]. The SiC
MOSFET is a 1200 V, 60 A SiC MOSFET with an on-resistance of 40 mΩ
[59]. The gate voltage of the drive circuit is –5 V for turn-off transition and
+20 V for the turn-on transition, with a 5 Ω gate resistance [59]. It has an
energy-on loss of 80.33 µj and an energy-off loss of 28.57 µj [59]. Fig. 2.9
shows that the energy-off loss of the SiC MOSFET remains nearly constant
through increasing currents [59]. In turn-on transition, energy-on loss increases slightly when the current increased from 0.5 A to 2.5 A [59]. The
SiC MOSFET has lower switching losses than either the Si IGBT or the SiC
JFET during turn-on and turn-off transitions [59]. Since the SiC MOSFET
has the lowest energy losses in the comparison, it improves the performance
and efficiency of the converter the most [59].

2.2.2

Semiconductor Loss

• Switching Loss
The energy losses of different semiconductor device can be obtained at turnoff and turn-on transitions by using the provided equations in [12, 15]. The
total switching energy loss is the sum of both energy-off and energy-on losses.
Switching average power loss for the Si and SiC power devices can be expressed as follows [15]

Etotal = Eon + Eof f
22

(2.1)

PQsw = Etotal fsw

(2.2)

where Etotal and fsw are the total switching loss and the switching frequency
[15].
Fig. 2.9 indicates that energy-off and energy-on losses of Si IGBT are significantly higher than SiC power devices [6]. Total losses of new power transistors are dramatically decreased when they implemented in the converter
design, as shown in Fig. 2.10. Their total losses do not increase rapidly as
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Figure 2.9: Turn-on and turn-off switching energy loss of Si IGBT, SiC JFET, and
SiC MOSFET power devices at different switch currents with Vin = 200 V and
Rg = 5Ω [59].
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Figure 2.10: Switching energy total loss for Si IGBT, SiC JFET, and SiC MOSFET
at different switch currents with Vin = 200 V and Rg = 5Ω [59].
much as the conventional Si device. The SiC JFET decreases total switching
loss by 57% and SiC MOSFET decreases total loss by 75% when compared
to the Si transistor [59].
• Conduction Loss
The conduction loss for a diode is expressed by [15]

2
Pcon,Diode = VD ID,avg + ID,rms
ron

(2.3)

where VD , ron , ID,avg , and ID,rms are the forward voltage, on-resistance, average current, and the root-mean-square (RMS) current passing through the
diode [15]. The on-state resistance, taken from the manufacturer’s datasheet,
is used to find the conduction loss of the MOSFET [15]. Conduction loss is
determined by [15]

24

2
RDS(on)
Pcon,F ET = IQ,rms

(2.4)

where IQ,rms and RDS(on) are the RMS current of the MOSFET and the onstate resistance of the MOSFET [15].

12
10
8
6
4
2

Figure 2.11: Switching and conduction losses for Si IGBT, SiC JFET, and SiC
MOSFET at different input voltages [59].
Fig. 2.11 illustrates the switching and conduction losses for Si IGBT, SiC
MOSFET, SiC JFET implemented the high-gain converter at low and high
input voltages [59]. The device losses are calculated at two different input
voltages. The semiconductor losses for the Si IGBT increase dramatically,
especially at 110 V due to large input current and poor conduction performance of the Si device [6]. This will affect the overall converter efficiency.
However, this figure illustrates drastically decreased in the conduction losses
of the converters with SiC transistors under different voltage conditions. Both
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SiC MOSFET and SiC JFET devices employed in the converter design experience lower rates of conduction and switching losses when decreasing the
input voltage because of their smaller on-state resistances and lower switching energy losses [59]. Consequently, SiC power devices provide a clear
benefit to the converter designs because of their high switching speed capacities and small semiconductor losses. This allows converter systems to work
in hard-switching applications with better overall efficiency.
Table 2.3: Swtiching and Conduction Losses of Si and SiC Power Devices Used in
the High-Gain Converter [6]
Temperature

Separate loss

Si IGBT

SiC JFET

SiC MOSFET

( C)

items

(W)

(W)

(W)

25

Psw

9.2

5.8

5.1

Pcon

4.5

3.2

2.7

Psw

11.4

6.3

6.2

Pcon

5.6

4.2

3.8

◦

125

The average device losses of Si IGBT, SiC MOSFET, and SiC JFET devices
are obtained when they are employed in the high-gain converter at two different
junction temperatures, as listed in Table 2.3 [6, 59]. When the junction temperature is increased up 125◦C, semiconductor losses for SiC MOSFET and SiC JFET
experience slightly change at higher temperature due to their shorter time delays
and faster switching transitions. Using SiC MOSFET and JFET devices provide an
important reduce in total power losses because of their lower on-state resistances
and semiconductor losses when compared to the conventional Si IGBT [12]. Even
at temperatures above 100◦C, SiC power devices show superior switching performance with lower semiconductor losses, which could minimize the cooling system
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and improve power density of high-gain converters operating in a high-temperature
environment [6].

2.3

Conclusion

The roadmap and development of fast-speed SiC semiconductor diodes and
transistors such as SiC Schottky diodes, SiC MOSFETs, and SiC JFETs have been
presented and discussed. The research has introduced unique advantages and superior switching characteristics of the latest generation of SiC transistors. SiC devices
within dc-dc converter designs is examined at different load currents, input voltages, and junction temperatures. The obtained results are compared to the conventional Si IGBTs. These new power devices can offer fast switching speed, shorter
time delay, lower semiconductor loss enabling power converter designs to operate
more efficiently in higher currents, voltages, and temperatures. The results have
presented that SiC MOSFET and SiC JFET exhibits very low switching losses and
better conduction performance, and they provide at least 40% reduction in the semiconductor losses in the converter design under high-temperature and high-voltage
conditions.
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Chapter 3
Experimental Test Setup for
Switching Performance Evaluation
This section describes the experimental test setup and introduces information
about measurement methods used for assessing the dynamic performance of Si and
SiC power devices under different gate resistances, switch currents, DC bus voltages, and junction temperatures [6]. Si IGBT, SiC MOSFET, and SiC cascode JFET
power devices use the same TO-247 package [59]. The device parameters, including voltage rating, current rating, on-state resistance, and junction temperature are
given in Table 3.1. Major components of the DP test such as the gate driver circuit,
load inductor, capacitor bank, and power devices are also discussed. Practical methods for measuring switching waveforms are summarized during the device testing,
including switching voltage probe, current sensor, and de-skew process [27].
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Table 3.1: Main Parameters of the Selected Power Devices [6]
Infineon

STMicroelectronics

UnitedSiC

Si IGBT

SiC MOSFET

SiC cascode JFET

IKW30N65H5

SCTW35N65G2V

UF3C065040K3S

650 V

650 V

650 V

55 A (25◦C)

45 A (25◦C)

54 A (25◦C)

RDS(on) (25◦C)

N/A

45 mΩ

42 mΩ

VCE(sat) (25◦C)

1.65 V

N/A

N/A

Vgs (max)

–20/+20 V

–10/+22 V

–25/+25 V

Tj (max)

175◦C

200◦C

175◦C

Package

TO-247-3

HiP-247-3

TO-247-3

Vds
Ids (25◦C)

3.1

Double-Pulse Test (DPT) Setup

Fig. 3.1 illustrates a simplified DPT circuit schematic for switching characterization. The test circuit is applied to evaluate device behaviors and energy losses at
different operating conditions [12]. It is prepared to assess the device performance
during both conditions, as presented in Fig. 3.2. The DPT consists of an antiparallel SiC Schottky diode used as a freewheeling diode, a main switching device, a
typical gate driver capable of driving each device technology, dc capacitors, and a
load inductor placed parallel with the diode [27, 59].
Double-pulse signals are applied to the device gate with varying pulse widths
where the desired current value in the inductor load can be controlled by adjusting
the first pulse width and DC bus voltage. The test pulse signals are generated from
a dual-channel function generator (Keysight 33500B), as presented in Fig. 3.3.
A digital oscilloscope (Tektronix DPO3014) obtains waveform data and switching
characteristics [27].
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Figure 3.1: Simplified the DPT circuit for device characterization.

Figure 3.2: DPT setup for switching evaluation.
The inductor current increases linearly when the device is turned on. Once
the inductor current reaches a desired current value at the first turn-off transition,
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Figure 3.3: Double-pulse waveforms.
the device turns off. The switching waveforms of each device are obtained at the
first turn-off transition to measure switching energy loss, as depicted in the left
bottom Fig. 3.3. When the current passes towards the SiC diode during the turn-off
condition, its current value stays nearly unchanged until the beginning of the next
turn-on transition [27]. Then, the switching device is examined at the beginning of
the second turn-on transition to obtain turn-on switching waveforms and measure
energy losses, as depicted in the right bottom Fig. 3.3 [27].
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3.2

Circuit Components and Instrument Details

This section introduces the circuit components and instrument details used for
the device performance comparison. Table 3.2 shows the major components of the
DPT setup for the device characterization [27].
Table 3.2: Major Components for the DPT Setup
Component

Part No.

Type/value

DC power supply

Keysight N8937A

1500V / 30A

Waveform generator

Keysight 33500B

Dual-channel

Air core

400µH

R75PR4100AA30K

1µF × 20

1EDI40I12AF

30V / 6A

FFSH3065A

650V / 50A

Load inductor
Storgage capacitor
Gate drive
SiC Schottky diode

The Si IGBT, SiC MOSFET, and SiC cascode JFET are individually used in the
test board as the main switch for switching characterization [59]. A 650 V, 50 A SiC
Schottky diode (FFSH3065A) from Infineon is used as a top switch in the circuit
board providing a freewheeling path for the load inductor current [59]. The SiC
Schottky diode has extremely low reverse recovery charge, high thermal conductivity, and fast switching speed [91, 92]. SiC Schottky diodes significantly reduced
reverse recovery effect, which will dramatically decrease the semiconductor losses
of the switching device during turn-on transitions [27].
A galvanically isolated gate drive is used for driving the three device technologies and is capable of providing a required input voltage range while supplying an
initial peak current and satisfying isolation requirements [93, 94]. Specifically, a
high-speed, high-voltage-isolated gate drive (1EDI40I12AF) is utilized in the gate
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driver circuit for driving each switching device with a peak current output capability of 4 A and output voltage range up to 30 V. Manufacturer recommended gate
voltage and current level were used for each device to achieve their optimal performance and high switching speed capability. The gate voltage can be adjusted to
supply enough voltage and current to the driver circuit and adapt the difference in
the gate voltage levels that applied for each device. The required minimum gate
power (Pgate ) for the gate driver is determined by

Pgate = Qg fsw ∆Vg

(3.1)

where Qg ,fsw and ∆Vg are the gate charge, switching frequency, and the gate driver
output voltage swinging, respectively [27].
An inductor of 0.45 µH is selected to carry a desired current during the freewheeling period and keep the current nearly unchanged until the start of the second
turn-on transition. The inductor has enough time-constant and minimal-terminal
capacitance to prevent considerable current drop at the turn-off condition between
the two pulses and reduces current spike at the turn-on condition. It also prevents
saturation issues. To calculate the load inductance, the DC bus voltage level and
switching time with an allowable current variation are needed [12]. The equivalent
parallel capacitance of the air-core inductor used for the test circuit was small, negatively affecting device performance during switching transitions [27]. The load
inductor current can be calculated as shown in the below equation

V =L
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di
dt

(3.2)

di = dt

V
L

(3.3)

where the turn-on time of first pulse, voltage level, and load inductance are selected
for the characterization test.
A DC capacitor is placed on the test board to stabilize the dc bus voltage and
provide adequate energy to supply the circuit and to establish an inductive current
during the turn-off transition. The dc capacitor is selected with a high capacitance
and low equivalent series resistance. Also, a bulk capacitor bank consists of five
ceramic capacitors placed in parallel as they decrease the issue of stray inductances.
DC bus voltage variations during the first pulse interval is limited by utilizing the
bulk capacitor in the DPT board.

3.3

High Temperature Setup

With the exception of the switching device, the circuit is tested at room temperature. The switching device is mounted on a hot plate through a heat spreader in
order to heat up the device and regulate its temperature when increased up to 50◦C.
The hot plate does not touch the DPT board where it is completely isolated from
the circuit board. A fan is included to mitigate the temperature effect on the test
board and other components in the circuit when the device is tested at a higher temperature. The device temperature is monitored and control by using a thermocouple
near the heat sink of the tested device [27]. It is worth mentioning that the temperature condition was restricted to be at 50◦C in order to avoid any physical damages
to surrounding components or failures that might occur in the device performance
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when increasing the operating temperatures. For testing above 50◦C, protection
circuits are required to be embedded in the test board.

3.4

Measurement Requirements

This section describes the proper measurement methods used for the device
switching characterization and highlights the de-skew steps between the voltage
and current switching waveforms. Table 3.3 shows the instruments’ specifications
used for the switching characterization [27]. The majority of the switching characterizations such as switching loss, switching time, and switching derivatives are
derived from the device voltage and current waveforms, as illustrated in Fig. 3.4.

Figure 3.4: Switching waveforms.

3.4.1

Voltage Probe

The voltage waveforms are captured through (Tektronix – P5200) high-voltage
differential probes, as shown in Fig. 3.4. The voltage probes are highly accurate
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Table 3.3: Instrument Specifications
Instrument

Model

Deskew

Oscilloscope

DPO3014

–

Voltage probe

P5200A

11 ns

3025

0 ns

MS300

–

Pearson current sensor
Hotplate

with sufficient dynamic range and bandwidth to ensure that the time rise and time
fall for each device are measured with fidelity, as shown in Fig. 3.5. Differential
voltage probes have no ground loop effects. This is an extremely important feature
as ground loop effects can lead to significant errors for measuring device voltages
during turn-off and turn-on transitions [27]. Both voltage probes used in the test
circuit are calibrated before capturing the switching waveforms.

Figure 3.5: High-voltage differential probes (model – P5200A).

3.4.2

Current Sensor

Fig. 3.6 shows a Pearson Electronics (Model – 3025) current sensor with high
bandwidth inserted to obtain the device current. Compared to other measurement
techniques, the current sensor is highly accurate with lower parasitic components.
It is also capable of showing small current variations even with large noise sources.
An appropriate size of coaxial cable was inserted into the current sensor, which is
physically isolated from the test circuit [27]. This sensor was selected to provide
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current measurements at turn-off and turn-on conditions due to its aforementioned
characteristics.

Figure 3.6: Current sensor (model – 3025).

3.4.3

De-skew Process

The probes are de-skewed to align the voltage and current waveforms. This
eliminates measurement delay and waveform distortion between the voltage and
current probes as well as ensures accurate measurement of switching time and loss.
The following steps describe the de-skew process for the switching measurements:
1. The signal path compensation (SPC) calibrates the digital oscilloscope after
it has been operated for at least 15 minutes.
2. All the drain-source and gate-source waveforms are adjusted at their reference, which is zero, without connecting any voltage probes to the scope channel while their prob tips are shorted.
3. An electronic circuit is built with a voltage source and a fixed resistive load
R= 50 Ω to justify the measurement accuracy.
4. The DC offset for current and voltage probes is removed and their signals are
adjusted to zero at different attenuation settings before using them in the test
circuit.
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5. The delay time in the scope is measured between the voltage and current
probes under a specific operating condition.
6. The measured time is added to the voltage waveform to align it with the
current waveform.

Figure 3.7: 11 ns skew between the voltage and current waveforms.

Figure 3.8: Both voltage probe wavefoms and current sensor waveform are aligned
after de-skew process.
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3.5

Conclusion

The DPT board and switching measurement approaches of the SiC power devices are presented and discussed. The purpose of the test circuit is to experimentally investigate the performance of SiC MOSFET and SiC cascode JFET. Their
dynamic behaviors are compared against the conventional Si devices. Major components of the DPT circuit including the gate driver circuit, load inductor, and
capacitor bank are summarized. Proper measurement methods for the switching
waveforms are discussed. The voltage probes selected in this work to meet dynamic range, bandwidth, and accuracy requirements are illustrated and discussed.
The device switching waveforms are aligned to avoid inaccurate measurements for
energy losses of three power devices, and the alignment process is discussed in
this work. Switching waveforms are captured before and after the de-skew process.
The experimental results show that voltage and current alignment affect switching
energy losses.
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Chapter 4
Switching Performance Evaluation
of 650 V SiC cascode JFETs

4.1

Switching Performance

To test the Si IGBT and SiC cascode JFET power devices, the switching waveforms are obtained from the experimental setup at the same voltage and current
levels [6]. Table 4.1 presents the main parameters of each device’s technology used
in the switching performance evaluation. The voltage overshoots, switching times,
and switching energy losses of the waveforms are compared at the same electrical
operating conditions. Switching energy loss is calculated based on the integration of
the product of drain-source voltage and drain current waveforms during the switching transitions [12]. It is noteworthy that switching behaviors are captured during
switching events with similar values of gate resistances for each power device [27].

40

Table 4.1: Main Parameters of the Evaluated Power Devices [6]
Device technology

Si IGBT

SiC cascode JFET

IKW30N65H5

UF3C065040K3S

Infineon

UnitedSiC

Breakdown voltage

650 V

650 V

Rated current (25◦C)

55 A

54 A

Model
Manufacturer

Max. junction temp.

4.1.1

◦

175 C

175◦C

Si IGBT Switching Performance

The Si IGBT is examined at 400 V and 15 A to evaluate its switching behaviors.
Figs. 4.1 and 4.2 show the switching performance of Si IGBT when the gate resistance is 20 Ω for the turn-off transition and 5 Ω for the turn-on transition [59]. Its
gate voltages are –5 V and +15 V for turn-off and turn-on conditions [12]. The measured energy losses are 92 µj for the turn-off transition and 170 µj for the turn-on
transition [12]. The voltage derivatives dv/dt for the Si IGBT at both transitions are
are 11.85 and 4.85 kV/µs. The current derivatives di/dt for the Si device are 0.35
and 0.92 kA/µs. The switching times are 95 ns and 110 ns at turn-off and turn-on
conditions. It is shown that the Si IGBT has much higher turn-on energy loss than
its turn-off loss with a considerable voltage overshoot in the turn-off condition. It
achieves lower rates of dv/dt and di/dt than the JFET [15, 27].

4.1.2

SiC cascode JFET Switching Performance

Figs. 4.3 and 4.4 show the 650 V, 54 A SiC cascode JFET switching waveforms
at the same operating conditions. The gate voltages of the JFET are –5 V and + 20
V, while the gate resistances remain at 20 and 5 Ω [59]. The SiC cascode JFET’s
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Figure 4.1: Switching waveforms of Si IGBT at the turn-off condition when Vce =
400 V, Ic = 15 A, Rg(of f ) = 20 Ω, and Tj = 25◦C

Figure 4.2: Switching waveforms of Si IGBT at the turn-on condition when Vce =
400 V, Ic = 15 A, Rg(of f ) = 5 Ω, and Tj = 25◦C
energy losses are 35 µj for the turn-off transition and 32 µj for the turn-on transition
[12]. The voltage derivatives dv/dt for the SiC cascode JFET at both transitions are
40 and 10.76 kV/µs. The current derivatives di/dt for the SiC device are 1.09 and
1.33 kA/µs. The JFET exhibits high dv/dt and di/dt rates during the turn-off and

42

turn-on transitions due to the sensitivity of the SiC power device to the parasitics
components [15]. It has lower turn-off and turn-on energy losses when compared to
the Si IGBT [6]. Table 4.2 shows a comparative switching performance evaluation
of Si IGBT and SiC cascode JFET devices at both transitions [59].

Figure 4.3: Switching waveforms of SiC cascode JFET at the turn-off condition
when Vds = 400 V, Id = 15 A, Rg(of f ) = 20 Ω, and Tj = 25◦C

Figure 4.4: Switching waveforms of SiC cascode JFET at the turn-on condition
when Vds = 400 V, Id = 15 A, Rg(of f ) = 5 Ω, and Tj = 25◦C.
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Table 4.2: Switching Performance Comparsions
Turn-off condition

4.2

Turn-on condition

Si

SiC

Si

SiC

Switching loss (µj)

92

32

170

35

Switching time (ns)

95

57

110

74

Switching Energy Loss Comparison

This section describes the switching energy losses of Si and SiC power devices
at various parameters and operating conditions [15]. The energy losses for the SiC
cascode JFET under various gate resistances, switch currents, switch voltages, and
junction temperatures are compared with the switching losses of the and Si IGBT
[27, 59].

4.2.1

Gate Resistances

Each switching device is operated under 400 V and 15 A current with different
gate resistances up to 25 Ω. The turn-off gate resistance is increased from 5 to
25 Ω in 5 Ω steps, while the turn-on gate resistance remains at a fixed value of 5
Ω. Fig. 4.5 shows that energy-off loss of the Si device is almost unchanged with
increasing turn-off gate resistances [59]. However, its energy losses was higher
across the range of gate resistances than the SiC device due to its tailing current,
causing longer time delay. The figure shows that Si IGBT losses are 2-3 times
higher compared to the SiC cascode JFET [27, 59].
Fig. 4.5 also shows a dramatic increase in turn-on losses for the Si IGBT as the
gate resistance is increased up to 25 Ω and the turn-off gate resistance remains con-
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stant. Conversely, the energy loss for the SiC cascode JFET at the turn-on condition
increases only slightly with higher gate resistance. Energy loss for the SiC device
is 178 µj when the resistance is increased up to 25 Ω. The SiC cascade JFET provides a 40% reduction in the switching energy losses under higher gate resistances
when compared to the Si IGBT device [27]. Table 4.3 presents switching energy
loss comparisons at various gate resistances for each device [6].
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Figure 4.5: Turn-on energy loss, turn-off energy loss, and total switching energy
loss of Si IGBT and SiC cascode JFET with Vsw = 400 V and Isw = 15 A at different
gate resistances [15].
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Table 4.3: Switching Energy Loss Comparsion at Various Gate Resistances for Si
IGBT and SiC cascode JFET Power Devices [6]
Turn-off energy loss (µj)

Turn-on energy loss (µj)

Rg

Si IGBT

SiC JFET

Si IGBT

SiC JFET

5Ω

92

31

166

44

10 Ω

92

29

228

107

15 Ω

93

32

278

145

20 Ω

93

33

312

163

25 Ω

93

36

332

178

Figure 4.6: Switching waveforms of SiC cascode JFET at the turn-off condition
when Vds = 400 V, Id = 15 A, Tj = 25 ◦C, Rg(of f ) = 40 Ω, and Rg(on) = 5 Ω.
The influence of changing gate resistances during turn-off and turn-on transitions on each switching device are captured from the test circuit. Changing gate
resistances show a considerable influence on the device performance and energy
loss during switching transitions. Lowering the turn-off and turn-on gate resistances will reduce the switching time and switching loss, leading to an increase in
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Figure 4.7: Switching waveforms of SiC cascode JFET at the turn-on condition
when Vds = 400 V, Id = 15 A, Tj = 25 ◦C, Rg(of f ) = 20 Ω, and Rg(on) = 25 Ω.
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Figure 4.8: Voltage derivatives (dv/dt) of Si IGBT and SiC cascode JFET at different gate resistances.
the switching derivate rates as well as ringing oscillations, as presented in Figs. 4.6
and 4.7 [27].
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Figure 4.9: Current derivatives (di/dt) of Si IGBT and SiC cascode JFET at different gate resistances.
For the SiC cascode JFET, the dv/dt and di/dt variations have large rates when
increasing gate resistances due their high stray parasitic components and low time
delay, as shown in Figs. 4.8 and 4.9. The high rates of the switching derivatives
for SiC cascode JFET are mitigated as increasing the gate resistance in both turnoff and turn-on conditions [27]. Therefore, it is critical to find the optimal gate
resistance of each device applied in the converter design.

4.2.2

DC Bus Voltages

Table 4.4 presents switching energy loss comparisons at various voltages for Si
IGBT and SiC cascode JFET power devices [6]. Fig. 4.10 shows the switching loss
evaluation between the Si and SiC power devices at different voltage levels when
the switch current is 10 A [6].
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Figure 4.10: Switching energy loss comparison between Si IGBT and SiC cascode
JFET devices at different voltage levels when Isw = 10 A, Rg(of f ) = 20 Ω, and Rg(on) =
5 Ω [6].
Table 4.4: Switching Energy Loss Comparsion at Various DC Bus Voltages for Si
IGBT and SiC cascode JFET Power Devices [6]
Turn-off energy loss (µj)

Turn-on energy loss (µj)

Si IGBT

SiC JFET

Si IGBT

SiC JFET

300 V

46

14

66

6

350 V

51

15

73

10

400 V

54

22

87

25

450 V

59

29

106

50

500 V

60

37

126

75

Vsw

49

There is a noticeable increase in the switching losses for each device as increasing the voltage level. The energy-off and energy-on losses of the Si device are
clearly higher when compared to the SiC power devices [6]. However, the energy
losses for the SiC cascode JFET do not increase as rapidly with increased DC bus
voltages. The SiC device provides a considerable reduced in total energy loss under
high voltages. The result shows the superior performance with very low energy loss
for the SiC device even at higher current and voltage levels [27].

4.2.3

Switch Currents

Table 4.5 provides switching energy loss comparisons at various switch currents
for Si IGBT and SiC cascode JFET power devices [6]. The DPT experiment is
performed with switch current increasing from 5 to 15 A in 3 A steps to obtain
switching energy losses at 400 V. The gate resistances for each device are selected
to 20 for turn-off condition and 5 Ω for turn-on conditions.
Table 4.5: Switching Energy Loss Comparsion at Various Switch Currents for Si
IGBT and SiC cascode JFET Power Devices [6]
Turn-off energy loss (µj)

Turn-on energy loss (µj)

Isw

Si IGBT

SiC JFET

Si IGBT

SiC JFET

3A

19

18

40

13

6A

33

21

55

16

9A

49

24

78

22

12 A

66

20

114

32

15 A

92

28

165

51

Fig. 4.11 shows that the energy-on loss for the Si IGBT is drastically high when
compared to its turn-off energy loss [59]. Unlike the IGBT, the both energy-off
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Figure 4.11: Switching energy loss comparison between Si IGBT and SiC cascode
JFET devices at different switch currents when Vsw = 400 V, Rg(of f ) = 20 Ω, and
Rg(on) = 5 Ω [6].
and energy-on losses of the JFET increase steadily with increased switch current.
Increasing the current rating will slow down the time rise and voltage fall of each
device during the turn-on transition, which leads to longer turn-on time delay for
each device. Compared to the Si IGBT device, the total switching energy loss

51

lessens from 266 to 80 µj by incorporating the SiC device at 15 A [59]. There is
a slight increase in the total energy loss of the SiC device as increasing the switch
currents as depicted in Fig. 4.11 [12]. Therefore, the SiC cascode JFET has much
lower turn-off and turn-on losses at different current values and it demonstrates a
nearly 70% reduction in the total switching loss at the maximum current value. This
is mainly due its small input capacitance and its low internal gate resistances [27].

4.2.4

Junction Temperatures

The device is mounted at an external heat sink, which connected to a hot plate
to heat up and to study each device at higher operation temperatures. In the DPT
test, the temperature level was limited to 50◦C to guarantee a safe operation and
avoid any failure that may occur to switching device or surrounding components
in the test board [27]. The energy loss of SiC cascode JFET is examined at various currents when the junction temperature is raised up to 50◦C and compared
against the Si IGBT performance, as shown in Figs. 4.12 and 4.13 [6]. The rates of
change in the device losses of the Si device increase much faster as compared to the
SiC device under a higher junction temperature. As expected, increasing temperatures has an insignificant effect on the energy-off and energy-on losses of the JFET
transistor. The SiC device exhibits excellent performance at 50◦C with considerably lower energy losses at various switch currents compared to the conventional Si
IGBT. Therefore, the size of heat sinks and cooling systems can be reduced significantly, and higher power densities achieved when utilizing SiC power devices in
the converter system [15, 27].
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Figure 4.12: Turn-off switching energy losses for Si IGBT and SiC cascode JFET
power devices at different switch currents when Tj = 25◦C and Tj = 50◦C [15].

180
150
120
90
60
30

3

6

9

12

15

Figure 4.13: Turn-on switching energy losses for Si IGBT and SiC cascode JFET
power devices at different switch currents when Tj = 25◦C and Tj = 50◦C [15].
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4.3

Conclusion

In this chapter, the new generation SiC cascode JFET at 650 V is evaluated in
the DP test circuit, and its superior switching characteristics are identified at 400
V and 15 A. The device performance and loss are investigated at different gate resistances, voltage levels, and switch currents [6]. The SiC cascode JFET exbibits
outstanding performance with very low energy losses at both conditions. The cascode JFET losses are nearly independent of increasing the junction temperature.
The SiC JFET achieves drastically lower switching energy losses at higher currents
and temperatures because this new power device offers an excellent thermal conductivity with lower switching time as compared to the conventional Si device [59].
Consequently, the requirement of cooling systems and heat sinks can be minimized,
which allows great improvements in the power density of converter designs.
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Chapter 5
Switching Performance Evaluation
of 650 V SiC MOSFETs

5.1

Switching Performance

This work presents the performance evaluation for a 650 V, 45 A SiC MOSFET
and compared to a 650 V, 35 A Si MOSFET at various voltages, currents, and
temperatures. The turn-off and turn-on behaviors of each device are captured at 400
V and 15 A [6]. Table 5.1 presents the main parameters of each device’s technology
evaluated in the DP test circuit. This includes voltage overshoots, switching times,
and switching energy losses. The product of voltage and current waveforms are
integrated at a specific time interval to determine switching energy losses at the
turn-on and turn-off transitions using the same values of gate resistances at room
temperature [6, 27].
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Table 5.1: Main Parameters of the Evaluated Power Devices [6]
Device technology

Si MOSFET

SiC MOSFET

STW45N65M5

SCTW35N65G2V

STMicroelectronics

STMicroelectronics

Breakdown voltage

650 V

650 V

Rated current (25◦C)

35 A

45 A

Model
Manufacturer

Max. junction temp.

5.1.1

◦

150 C

200◦C

Si MOSFET Switching Performance

The Si MOSFET is examined at 400 V and 15 A to evaluate its switching behaviors. Figs. 5.1 and 5.2 show the switching performance of Si MOSFET when
the gate resistance is 20 Ω for the turn-off transition and 5 Ω for the turn-on transition [59]. The gate voltages for the Si MOSFET are –5 V and +15 V. The measured
energy losses are 52 µj and 145 µj [12]. The voltage derivatives dv/dt for the Si
MOSFET at both transitions are 21.33 and 6.4 kV/µs. The current derivatives di/dt
for the Si device are 0.86 and 0.86 kA/µs. The switching times are 145 ns and 88 ns
at turn-off and turn-on conditions. It is shown that the Si MOSFET achieves lower
rates of dv/dt and di/dt; however, it has higher energy-off and energy-on losses
and a considerable overshoot in the voltage waveform as compared the SiC device
[27].

5.1.2

SiC MOSFET Switching Performance

Figs. 5.3 and 5.4 show the 650 V, 54 A SiC MOSFET switching waveforms at
400 V and 15 A. Its gate voltages are –5 V and +20 V, while the gate resistances
remain at 20 and 5 Ω [59]. The SiC MOSFET energy losses are 48 µj for the turn-
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Figure 5.1: Switching waveforms of Si MOSFET at the turn-off condition when
Vds = 400 V, Id = 15 A, Rg(of f ) = 20 Ω, and Tj = 25◦C.

Figure 5.2: Switching waveforms of Si MOSFET at the turn-on condition when
Vds = 400 V, Id = 15 A, Rg(of f ) = 20 Ω, and Tj = 25◦C.
off transition and 110 µj for the turn-on transition [12]. The voltage derivatives
dv/dt for the SiC MOSFET at both transitions are 22.54 and 7.62 kV/µs. The current derivatives di/dt for the SiC device are 0.52 and 0.92 kA/µs. The MOSFET
exhibits high switching derivatives due to the sensitivity of the SiC power device

57

Figure 5.3: Switching waveforms of SiC MOSFET at the turn-off condition when
Vds = 400 V, Id = 15 A, Rg(of f ) = 20 Ω, and Tj = 25◦C.

Figure 5.4: Switching waveforms of SiC MOSFET at the turn-on condition when
Vds = 400 V, Id = 15 A, Rg(of f ) = 20 Ω, and Tj = 25◦C.
to the parasitics components [15]. Table 5.2 provides a comparative switching performance evaluation of Si MOSFET and SiC MOSFET devices at both transitions
[15].
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Table 5.2: Switching Performance Comparsions
Turn-off condition

5.2

Turn-on condition

Si

SiC

Si

SiC

Switching loss (µj)

52

48

145

110

Switching time (ns)

145

48

88
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Switching Energy Loss Comparison

This work presents the loss comparison of Si and SiC power devices at various
parameters and operating conditions [6]. The SiC MOSFET is tested through the
DPT circuit to evaluate its potential and switching performance. The energy losses
for the SiC cascode JFET under various gate resistances, switch currents, switch
voltages, and junction temperatures are compared with the switching losses of the
and Si MOSFET [27].

5.2.1

Gate Resistances

Si and SiC MOSFETs are examined under 400 V and 15 A with increasing gate
resistances up to 25 Ω. The turn-off gate resistance is increased from 5 to 25 Ω
in 5 Ω steps, while maintaining the turn-on gate resistance at a fixed value of 5 Ω.
Fig. 5.5 reveals energy-off, energy-on, and total energy losses for the Si and SiC
MOSFET at different gate resistances [15]. Energy-off losses for Si MOSFET are
steadily rising, and its losses do not increase as much as the SiC device. At the
higher turn-off gate resistances, the measured energy loss for the Si device is 48 µj,
while the measured energy loss for the SiC MOSFET is 58 µj [27].
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Fig. 5.5 shows a high rate of turn-on loss for the Si device when the gate resistance increases from 5 to 25 Ω at the turn-on conidiation. The turn-off gate
resistance remains constant at 5 Ω. However, the energy-on losses of the SiC device increase only steadily with increasing gate resistance. Its energy-on are 246
µj when the gate resistance is increased up to 25 Ω. The SiC MOSFET provides a
reduction of 35% in the turn-on losses when compared to the conventional Si MOSFET at a higher turn-on gate resistance [6, 27]. Table 5.3 presents switching energy
loss comparisons at various gate resistances for Si and SiC MOSFETs.
Table 5.3: Switching Energy Loss Comparsion at Various Gate Resistances for Si
MOSFET and SiC MOSFET Power Devices [6]
Turn-off energy loss (µj)

Turn-on energy loss (µj)

Rg

Si

SiC

Si

SiC

5Ω

41

32

146

108

10 Ω 42

37

228

134

15 Ω 45

44

288

152

20 Ω 46

51

310

171

25 Ω 48

58

332

188

The impact of changing gate resistances on switching behavior of the SiC MOSFET during the turn-on transition is obtained from the test board, as depicted in Fig.
5.6. The current overshoots and ringing oscillations for the SiC MOSFET are mitigated when turn-on gate resistance is increased up to 25 Ω. Increasing the gate
resistance will reduce the derivative rates and ringing oscillations of SiC MOSFETs, leading to an increase in switching energy loss [6]. Changing gate resistance
shows a significant influence on the device performance and loss during switching
events [27].
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Figure 5.5: Turn-on energy loss, turn-off energy loss, and total switching energy
loss of Si MOSFET and SiC MOSFET with Vsw = 400 V and Isw = 15 A at different
gate resistances [15].
For the SiC device, dv/dt and di/dt variations have large rates when increasing gate resistances due their high stray parasitic components and low time delay,
as shown in Figs. 5.7 and 5.8. The high rates of the switching derivatives for SiC
MOSFET are mitigated as increasing the gate resistance in both turn-off and turn-on
conditions [27]. Therefore, it is very important to achieve the optimal gate resis-
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Figure 5.6: Switching waveforms of SiC MOSFET at the turn-on condition when
Vds = 400 V, Id = 15 A, Tj = 25 ◦C, Rg(of f ) = 20 Ω, and Rg(on) = 25 Ω.
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Figure 5.7: Voltage derivatives (dv/dt) of Si MOSFET and SiC MOSFET at different gate resistances.
tance of each device when the converter is designed with SiC power devices [27,
59].
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Figure 5.8: Current derivatives (di/dt) of Si MOSFET and SiC MOSFET at different gate resistances.

5.2.2

DC Bus Voltages

Turn-off and turn-on energy losses for Si MOSFET and SiC MOSFET power
devices are determined at different DC bus voltages, as given in Table 5.4 [6]. Fig.
5.9 illustrates the switching loss evaluation between the Si and SiC power devices
at various voltage levels when the switch current is 10 A [6]. There is a noticeable
increase in the switching losses for each device as increasing the voltage level.
However, the energy-off and energy-on losses of the Si device are clearly lower,
and its total losses do not increase as rapidly with an increase of voltage level. The
new SiC device provides at least a 20% reduction in the total energy losses under
higher voltage and current levels [27].
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Table 5.4: Switching Energy Loss Comparsion at Various DC Bus Voltages for Si
MOSFET and SiC MOSFET Power Devices [15]
Energy-off loss (µj)

Energy-on loss (µj)

Vsw

Si

SiC

Si

SiC

350 V

28

22

65

49

400 V

30

24

89

68

450 V

32

27

105

92

500 V

36

30

125

114
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Figure 5.9: Switching energy loss comparison between Si MOSFET and SiC MOSFET devices at different voltage levels when Isw = 10 A, Rg(of f ) = 20 Ω, and Rg(on) =
5 Ω [6].

5.2.3

Switch Currents

Table 5.5 presents switching energy loss comparisons at various currents for
Si and SiC MOSFETs [6]. The DPT experiment is performed with switch current
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increasing from 5 to 15 A in 3 A steps to obtain switching energy losses at various
switch current. Fig. 5.10 shows that Si MOSFET achieve higher turn-off energy
losses at a lower current, but it does not increase as much as the SiC device while
increasing the switch current. The rate of change in the energy-off and energy-on
losses for Si MOSFET increase dramatically when increasing the switch current [6].
However, the result shows a slight increase in the SiC loss at a higher current, as
depicted in Fig. 5.10 [12]. The measured total energy loss lessens from 194 to 165
µj by incorporating the SiC MOSFET, and it provides an almost 15% reduction in
the total switching loss at the highest current as compared to the Si MOSFET [15].
Therefore, SiC power devices can provide lower energy losses during switching
events, which leads to a reduction of total power losses and improvement of energy
conversion system in the converter design operating at higher load conditions [6,
27].
Table 5.5: Switching Energy Loss Comparsion at Various Switch Currents for Si
MOSFET and SiC MOSFET Power Devices [6]
Turn-off energy loss (µj)

Turn-on energy loss (µj)

Isw

Si

SiC

Si

SiC

3A

24

14

41

35

6A

27

17

56

46

9A

29

22

79

64

12 A

35

30

107

83

15 A

48

52

146

113

65
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Figure 5.10: Switching energy loss comparison between Si MOSFET and SiC
MOSFET devices at different switch currents when Vsw = 400 V, Rg(of f ) = 20 Ω,
and Rg(on) = 5 Ω [6].

5.2.4

Junction Temperatures

The device is mounted at an external heat sink, which connected to a hot plate to
heat up and to study each device at higher operation temperatures. In the DPT test,
the temperature level was limited to 50◦C to guarantee a safe operation and avoid
any failure that might occur to the switching device or surrounding components in
the test board [27]. The switching losses are examined at various currents when
the junction temperature is raised up to 50◦C, as shown in Figs. 5.11 and 5.12.
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The rates of change in the device losses of the Si device increase much faster as
compared to the SiC device under a higher junction temperature. As expected,
increasing temperatures does not significantly influence the energy losses of SiC
power device. They exhibit superior performance with drastically decreased in the
switching loss at various switch currents and temperature operations. Therefore,
the size of heat sinks and cooling systems can be reduced significantly, and higher
power densities achieved when utilizing SiC power devices in the converter system
[6, 27].
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Figure 5.11: Turn-off switching energy losses for Si MOSFET and SiC MOSFET
power devices at different switch currents when Tj = 25◦C and Tj = 50◦C [15].
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Figure 5.12: Turn-on switching energy losses for Si MOSFET and SiC MOSFET
power devices at different switch currents when Tj = 25◦C and Tj = 50◦C [15].

5.3

Conclusion

In this chapter, the SiC MOSFET at 650 V is evaluated in the DP test circuit,
and its superior switching characteristics are identified at 400 V and 15 A. The SiC
MOSFET exbibits outstanding performance with very low energy losses at both
conditions. The SiC device losses are nearly independent of increasing the junction
temperature. The SiC MOSFET achieves drastically lower switching energy losses
at higher currents and temperatures because this new power device offers an excellent thermal conductivity with very low switching time and loss. Consequently,
the requirement of cooling systems and heat sinks can be minimized, which allows
great improvements in the power density of converter designs. Consequently, the
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requirement of cooling systems and heat sinks can be minimized, which allows
great improvements in the power density of converter designs.
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Chapter 6
High-Gain Converters with SiC JFET
and SiC MOSFET Power Devices
In the last two decades, a significant improvement in the technologies of renewable energy sources has been made to meet the increase of power demands and the
challenges of acute shortages of oil and gas reserves. Investing in renewable energy
sources is a central part of reducing fossil fuel emissions, as well as contributing
to improving the environment. Modern civilization is phasing out the use of electric power that is generated from fossil-fuel-based technologies and adding more
renewable power generation [34]. High-gain converters are becoming more commonly implemented in clean energy and dc-distribution systems, because of their
high energy conversion, small semiconductor stress, and short ripples on the input
current and output voltage [95–97]. High-gain converters provide high output voltages with outstanding switching performance capabilities when implemented in PV
modules, fuel cell stacks, and battery banks in the 400 V DC bus, as illustrated in
Fig. 6.1. To address the needs of achieving an efficient and clean energy conver-
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Figure 6.1: Low voltage DC distribution system
sion, adopting WBG power devices in high-gain converters allows to improve the
electrical energy and power quality, particularly in dc-distribution systems [34].

6.1

Cascaded DC-DC Converter

Various dc-dc power converters and new topologies for high voltage applications are presented in [98, 99]. Among the different dc-dc converter topologies,
dc-dc cascaded boost converters are gaining attention in the renewable energy systems, especially for PV inverter applications [15]. They provide a sufficient power
to the inverters and enhance energy conversion systems [100–103]. Dc-dc cascaded
boost converters must operate efficiently with low semiconductor loss under highswitching and high-temperature operating conditions [12]. These critical factors
play a prominent role in improving power density and overall system efficiency
[12]. Table 6.1 provides parameters of the dc-dc cascaded converter design.
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Table 6.1: Parameters for the Cascaded Boost Converter
Converter parameter

Symbole

Value

Rated power

Pout

210 W

Input voltage

Vin

60 V

Output voltage

Vout

400 V

Switching frequency

fsw

10–200 kHz

D2
D1

D3

V1

L1

vin

L2

Q

C1

C2

R

vR

Figure 6.2: Cascaded DC-DC Converter

6.1.1

Mode of Operations

The cascaded boost converter topology is a boost converter circuit with additional L2 , D2 , D3 , and C2 parts, as shown in Fig. 6.2 [103]. It consists of one
controlled switch Q, two inductors L, two capacitors C, and three uncontrolled
diodes D. They operate in a way that the inductor current of L2 increases as the
voltage V1 increases when the switch is turned on [38]. The diode D1 becomes
forward biased, while the diodes D2 and D3 remain at the turn-off condition. The
current passing in the converter inductor L2 decreases with the voltage of – (Vout
– V1 ) during the main device switch off. The diode D1 turns into reverse biased,
while the diodes D2 and D3 remain in the on-state [38, 103].
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6.1.2

Design Equations

The voltage in the steady state across capacitors C1 and C2 is given by [103]
1
Vin
1−D

(6.1)

Vout =

1
V1
1−D

(6.2)

G=(

1
)2
1−D

(6.3)

V1 =

The inductor current ripple of iL1 and iL2 is obtained by
Vin
DT
L1

(6.4)

Vout − V1
(1 − D)T
L2

(6.5)

∆iL1 =

∆iL2 =

The variation ratios of the inductor currents for L1 and L2 in the converter must
be smaller than unity [38]. Their variation ratios are given by
D(1 − D)4 RT
ξ1 =
2L1

(6.6)

D(1 − D)2 RT
2L2

(6.7)

ξ2 =
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6.2

Performance Evaluation of the Cascaded Converter
Using SiC MOSFETs

This section presents performance comparisons of cascaded converters using
Si MOSFET/Si diode and SiC MOSFET/SiC Schottky diode [59]. The converter
performance with different device technologies is evaluated at different switching
frequencies, junction temperatures, and load currents [59].

6.2.1

Switching Frequencies

Total power loss and efficiency are measured and compared when the switching
frequency is increased from 20 kHz to 180 kHz, as illustrated in Fig. 6.3 [15]. The
capacitor and inductor are optimized for the range of switching frequencies tested
[15]. The SiC converter performs more efficiently at high switching frequency with
reduced power loss [15]. Unlike the SiC converter, the Si converter’s power loss
increases significantly across this frequency range [15]. Furthermore, the SiC converter achieves a reduced power loss throughout its increasing switching frequencies [15]. Table 6.2 presents total power loss when the junction temperature of the
power devices is set to 125◦C [15]. The converter with SiC power devices is more
efficient at different switching frequencies, even at higher temperatures [6]. Fig.
6.3 reveals that the converter with SiC transistors and diodes has a high efficiency
of 97.78% at 20 kHz and its efficiency only decreases by 0.86% when the switching frequency is increased to 180 kHz [15]. SiC-based converter is 1.63% more
efficient than the conventional cascaded converter [15]. The SiC MOSFET/SiC
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Schottky diode in the converter provides superior performance for high switching
frequency applications [15].
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Figure 6.3: Total power loss and efficiency Comparison of the conveter at different
switching frequencies for Si MOSFET/Si diode and SiC MOSFET/SiC Schottky
diode [15].

6.2.2

Junction Temperatures

Table 6.3 presents semiconductor losses for each power transistors utilized in
the cascode design at different temperatures [12]. The conduction loss is calculated
based on the RMS current and the specific on-resistance, where the resistance value
depends upon the junction temperature conditions [12]. There is insignificant increase in conduction loss of the SiC devices due to their low on-state resistance and
high thermal conductivity at higher temperatures [12]. The SiC MOSFET within
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Table 6.2: Power Converter Loss at Different Switching Frequencies and a Junction
Tempperature of 125◦C for Si and SiC-Based Converters [15]
Switching frequency (kHz)

40

80

120

160

200

30.07

35.06

39.96

44.8

49.65

23.69

26.10

28.40

30.90

33.40

Si MOSFET/Si diodebased converter loss (W)
SiC MOSFET/SiC diodebased converter loss (W)

Table 6.3: Swtiching and Conduction Losses of Si and SiC Power Devices Used in
a 206 W Cascaded Converter [12]
Temperature

Separate loss

Si MOSFET

SiC MOSFET

(◦C)

items

(W)

(W)

50

Psw

6.40

2.20

Pcon

1.36

0.72

Psw

6.48

2.23

Pcon

3.86

1.42

150

the converter design provides lower conduction and switching losses due its excellent thermal conductivity and low energy loss during switching events. Thus, SiC
power devices drastically reduce the semiconductor losses at both the low and high
junction temperatures, which improves power dissipation of the cascaded converters operating in a high-temperature environment [6, 12].

6.2.3

Output Power Levels

The converter performance with Si and SiC power devices is tested at different
output power levels for switching frequencies of 20 kHz and 120 kHz [15]. Total power losses at two operating temperatures for the SiC MOSFET/SiC Schottky
diode and the Si MOSFET/Si diode in the converter are given in Table 6.4 [15].
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Table 6.4: Total power loss Comparisons at Two Different Temperatures [12]
Output power

Temperature

Total loss

(W)

(◦C)

(W)

205

50

35.63

150

42.80

50

25.37

150

29.45

Si-based
converter
SiC-based

205

converter

97.5
97
96.5
96

40

80
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160

200

40

80

120

160

200

98
97.5
97
96.5

Figure 6.4: Total power loss and efficiency Comparisons of the conveter at different
switching frequencies for Si MOSFET/Si diode and SiC MOSFET/SiC Schottky
diode [15].
The Si converter loses more power than the SiC converter due to its higher conduction and switching loss [15]. The total power loss for the SiC converter increases
slightly, and is 45% less than the Si-based converter [15]. This is due to its lower
on-state resistance and superior switching performance [15]. The efficiency of the
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converter with the SiC MOSFET/SiC Schottky diode does not decrease considerably, even at a high switching frequency of 120 kHz, as shown in Fig. 6.4 [15].
It maintains an efficiency that is greater than 97.18% through the range of output
power levels examined [15]. The SiC MOSFET/SiC Schottky diode allows the converter to operate at high-switching and high-power applications with reduced power
loss [15]. These results show that SiC devices in the cascaded converter stage can
increase the efficiency of the whole PV system [15, 38].

6.3

High-Gain DC-DC Converter

Various high-gain topologies have been analyzed and discussed thoroughly in
renewable energy applications, including micro-inverter and dc-dc converters, in
the literature reviews [104–107]. The schematic of a transformerless high-gain converter is shown in Fig. 6.5 [34]. As observed, the high-gain configuration resembles
two basic step-up converters, providing a higher voltage gain by the series connection at the output load with the input source of the converter [34]. Table 6.5 presents
the design specifications for the high-gain converter [6].
Table 6.5: Main Specifications for the High-Gain Converter [6]
Converter parameter

Symbol

Value

Rated power

Pout

5 kW

Input voltage

Vin

110 – 150 V

Output voltage

Vout

420 V

Switching frequency

fsw

20 – 220 kHz
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Figure 6.5: Schematic of a high-gain converter [6].

6.3.1

Mode of Operations

The high-gain converter modes of operation are introduced and analyzed under
continuous conduction mode (CCM) [34]. The pulse signals for driving each device
are illustrated in Fig. 6.6, demonstrating three different operation modes [34]. The
description of these modes is provided as follows
Ts

S1

D1Ts
t
Ts

S2

D2Ts
t
A

B

C

D

Figure 6.6: Switching patterns of active switches [6].
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• Mode A
The first switch in the converter is ON and the second switch is OFF, as shown
in Fig. 6.7. The first diode becomes OFF and the second diode becomes a
forward biased. Input voltage source charges the converter inductor L1 where
its current increases linearly, while the inductor current L2 decreases. The
voltage at the output capacitors can and input voltage can be used to find the
load voltage [34].

IL1

Iout
D1

L1
Vin

I1

S1

C1
R
C2

S2
IL2

Vout

D2

L2

Figure 6.7: The high-gain converter – Mode A [34]

• Mode B
In this mode, the two switches of the converter are OFF, while both converter
diodes become ON, as illustrated in Fig. 6.8. The two currents iL1 and iL2
are decreased. The output capacitors of the interleaved converter are charged
and the voltages across them are increased. The input voltage is connected to
the converter capacitors [34].
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Figure 6.8: The high-gain converter – Mode B [34]
• Mode C
The second switch of the converter is ON while the first switch is OFF, as
shown in Fig. 6.9. The second diode becomes OFF, while the first one becomes ON. The voltage source applies to the converter inductor L2 and the
current iL2 increases linearly, while the inductor current iL1 decreases. The
voltage at the output capacitors can and input voltage can be used to find the
load voltage [34].

6.3.2

Design Equations

The analysis of the converter is obtained at identical duty cycles [34]. The
voltages across both output capacitors are higher than its input voltage, and the
converter gain is determined as [108]
Vout
1+D
=
Vin
1−D
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(6.8)

IL1

Iout
D1

L1
Vin

I1

S1

C1
R
C2

S2
IL2

Vout

D2

L2

Figure 6.9: The high-gain converter – Mode C [34]
The equations for the main components of the interleaved converter can be calculated by using the following equations [108]
2∆iL (0.5 − D)
(1 − D)

(6.9)

(1 − D)(Vc − Vin )
Lfs

(6.10)

∆iin =

∆iL =

L=

2Vin (D − 0.5)
∆iin fs

∆vout =

2∆vc (0.5 − D)
D

∆vc =

Iout D
Cfs
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(6.11)

(6.12)

(6.13)

C=

6.4

2Iout (0.5 − D)
∆vout fs

(6.14)

Performance Evaluation of the High-Gain Converter Using SiC cascode JFETs

In this section, the high-gain converter with SiC power semiconductor devices
is compared against the conventional high-gain converter in terms of overall system
efficiency and total price. The input and output power are measured at the steadystate period in order to determine overall converter efficiency [15]. The transient
waveforms are not considered in the measurements because they are not indicative
of average performance [15]. The high-gain dc-dc converter’s performance is compared with two different power devices, which is examined at different operating
conditions [34].

6.4.1

Switching Frequencies

The transformer-less converter topology designed with Si and SiC power devices is tested under a wide range of switching frequencies [6]. The power loss
is determined in order to assess the performance of the converter with these two
semiconductor devices when the switching frequency is increased from 20 kHz to
220 kHz, as shown in Table 6.6 [6]. As the switching frequency increases, the
power loss of the Si-based converter increases considerably, while the total loss of
the converter with SiC devices loss increases slightly when the switching frequency
is increased [6]. Fig. 6.10 shows a comparison of the total power loss of each
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converter with respect to switching frequencies at an output power of 5 kW and
input voltage of 150 V [6]. The SiC-based converter has lower total losses than the
converter with Si devices, which suffers from numerous switching and conduction
losses as the evaluated frequency is increased [6]. As the SiC JFET shows better
conduction and switching performance than the Si device, the SiC-based converter
achieves a very low total power loss and has a clear advantage under high-frequency
conditions [6]. The results show a considerable reduction of 25% in total loss in the
converter with SiC power devices at 220 kHz [6]. Therefore, utilizing SiC JFETs in
high-switching converters exhibits excellent performance with lower semiconductor losses due to the aforementioned properties of SiC devices [6].
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Figure 6.10: Si CoolMOS and SiC cascode JFET-based converter loss comparison
at different switching frequencies [6].
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Table 6.6: Total Power Loss of Si and SiC Power Devices in the High-Gain dc-dc
Converter at Different Switching Frequencies [6]
Switching frequency

Si-based converter loss

SiC-based converter loss

20 kHz

29 W

18 W

60 kHz

33 W

24 W

100 kHz

41 W

30 W

140 kHz

48 W

38 W

180 kHz

57 W

46 W

220 kHz

79 W

57 W
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Figure 6.11: Si CoolMOS and SiC cascode JFET-based converter efficiency comparison at different input voltage levels [6].

6.4.2

Input Voltages

The efficiency of a converter with two different semiconductor technologies is
examined at different input voltage levels [6]. Fig. 6.11 evaluates the efficiency

85

of the high-gain converter utilizing Si and SiC power devices when the switching
frequency is 20 kHz [6]. The efficiency differences between Si and SiC-based converters are pronounced when the input voltage is increased from 110 V to 150 V
[6]. Compared to the SiC power devices, Si devices have significantly larger power
losses at high frequencies and input voltages, which reduces the overall converter
efficiency [6]. The peak efficiency of the converter with Si MOSFET is 95.35%
at a 150 V input voltage [6]. In contrast, the SiC JFET-based converter achieves a
97.82% peak efficiency at the high input voltage and output power, while its efficiency remains above 97% throughout the range of input voltages tested [6]. The
results show that using SiC cascode JFETs improves the overall converter efficiency
by approximately 2.5% due to the robust and outstanding switching performance of
these devices at various voltage conditions in comparison to Si technologies [6]. As
a result, the converter equipped with SiC JFETs performs effectively and is efficient
at high-power and high-switching conditions [6].

6.4.3

Different Load Conditions

The efficiency performance of the interleaved high-gain converter with Si CoolMOS and SiC cascode JFET power devices is presented at different output power
conditions [6, 12]. The high-gain converter with SiC cascode JFET power devise
is operated at different output power level to evaluate the converter efficiency and
compare to the Si-based converter. Fig. 6.12 shows the efficiency comparisons between the Si and SiC-based converters when the evaluated power is increased from
3.5 kW to 5 kW [6]. The result shows a significant reduction in the converter’s
efficiency when using Si CoolMOS devices because these traditional Si devices
experience very high conduction and switching losses at higher load conditions.
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The converter with Si devices only achieves 96.84% at the high output power [15].
However, the SiC-based converter achieves an efficiency of 98.53% when the output power is 3.5 kW, and its efficiency does not decrease dramatically and has a
slight reduction of less than 1% when the output power is increased up to 5 kW [6].
Therefore, SiC power devices exhibit an efficient and robust performance under
hard-current and high-voltage conditions. This will allow the high-gain converters
for PV applications remain efficient with better power density even when working
at high-switching frequencies [6, 34].
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Figure 6.12: Si CoolMOS and SiC cascode JFET-based converter loss comparison
at different output power levels [6].
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6.5

Price Comparison

In addition to improving converter efficiency, low-voltage SiC power devices
are expected to be competitively priced when compared to Si devices due to SiC
devices’ smaller chip size and superior properties in harsh environmental conditions [12]. Fig. 6.13 illustrates a price comparison of Si and SiC power devices
with a blocking voltage of 650 V at different current ratings; the price is obtained
from the semiconductor distribution channels [12]. In this comparison, TO-247-3
power packages were selected for the evaluated switching devices due to their wide
availability and variety of solutions for power converter design [12]. The graph
chart shows that the SiC power devices are moderately more expensive than Si devices [12].
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Figure 6.13: Price comparison of Si and SiC power devices with a blocking voltage
of 650 V at different rating currents [12].
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Table 6.7: Price Comparison for Different Device Technologies Implemented in the
High-Gain Converter
Configuration (1)

Configuration (2)

Configuration (3)

All Silicon

Si IGBT/SiC diode

SiC JFET/SiC diode

(IKW30N65H5

(IKW30N65H5

(UF3C065040K3S

+RFN60TS6D)

+C3D16065D)

+C3D16065D)

S1 , S2

2 x $3.86

2 x $3.86

2 x $10.80

D1 , D2

2 x $3.86

2 x $8.13

2 x $8.13

$13.04

$23.98

$37.86

Total cost

Table 6.7 presents the price comparison for different device technologies that
are implemented in the high-gain converter design. In the first configuration, the
table shows the price for all Si devices is $13.00, while the second configuration,
the price is $23.90. The price for the combination device is almost doubled when
compared to the price of all silicon devices. The third configuration, bring the price
for all SiC devices to $37.80. The third configuration is nearly triple the price of all
Si devices. Although the price of SiC power devices per ampere is approximately
two or three times higher that of Si counterparts, these power devices provide at
least a 50% reduction in the total energy loss, as previously mentioned in chapter 4
[12]. Since SiC devices enable the power converter to operate at higher switching
frequencies with low energy losses, the value and size of passive components in
the circuit can be considerably reduced, which translates to a more efficient and
compact converter design [12]. Therefore, the loss of semiconductor devices has
a potential impact on determining power converter efficiency, size, and cost [12].
Due to the significant reduction in switching and conduction losses, the relatively
higher cost of the SiC devices used in the converter system can be compensated
with a reasonable price [12].
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6.6

Conclusion

The design and performance of the cascaded converter was presented and analyzed. This work investigated the performance of a cascaded converter designed
with the SiC diodes transistors [15]. Total power loss for the SiC-based converter
was increased at a much lower rate than the Si-based converter [15]. The SiC-based
converter achieves a 97.36% efficiency, which is an improvement of 1.63% over
the conventional cascaded converter, at the high switching frequency and load currents [15]. The results indicate that the SiC MOSFET/SiC Schottky diode in the
converter performs more efficiently and has reduced power loss compared to the Si
MOSFET/Si diode [15].
Furthermore, the design analysis and brief description of operation modes for
the high-gain dc-dc converter are introduced [6]. SiC-based semiconductor devices
offered a compelling low switching and as conduction losses at high-current and
high-temperature conditions, improving the efficiency of the high-gain converter
[6]. It is shown that the total power losses in the SiC-based converter were reduced
by 25% when compared to the Si-based converter at the high-switching frequency
and high-output power [6]. The results revealed that the high-gain converter with a
650 V SiC cascode JFET achieved very high efficiency with remarkable switching
performance and reduced total losses across a wide range of switching frequencies
and input voltages [6]. Hence, utilizing SiC cascade JFETs allows high-gain dc-dc
converters to operate more reliably and efficiently in high-voltage applications as
compared to conventional Si-based converters [6]. These results demonstrate the
benefits of using the SiC diodes and transistors in dc-dc cascaded and high-gain
converters for PV applications [6].
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Chapter 7
A Comparative Performance
Evaluation of SiC MOSFET and SiC
JFET for Power Converters
This chapter aims to demonstrate the impacts of emerging different low voltage switching devices in the converter design and compare them with the Si-based
converter. Three boost converters are designed, one with 650 V Si IGBT, second
with 650 V SiC MOSFET, and third with 650 V SiC cascode JFET while the 650
V SiC Schottky diode is used as a blocking diode in all three converter circuits, as
shown in Fig. 7.1 [27, 59]. The SiC diode features low reverse recovery charge and
time, which results in reduced the recovery losses. All main devices utilized in the
converter system are based on TO-247 package with their 3 pins configurations, and
they are discrete transistor types, which widely are used in the industry and field of
power electronic converters.

91

Figure 7.1: Emerging different low voltage device technologies in the converter
design.

7.1

Converter Topology and Design Specifications

Each of those converters are operated at 400 V and 1 kW to quantify the converter performance using different power device technologies. The major circuit
parameters of the three-boost converters are identical, except the main switch device. The converter topology consists of an uncontrolled diode, a fully controlled
transistor, and passive components [15]. Fig. 7.2 illustrates the dc-dc boost converter with a resistive load of 150 Ω. Table 7.1 presents design specifications of the
boost converter [15]. The designed equations for the duty cycle, boost inductor, and
boost capacitor parameters are given by [15]
Vin
Vout

(7.1)

L=

Vin DTs
∆IL

(7.2)

C=

Iout DTs
∆Vout

(7.3)

D =1−
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Table 7.1: Major Circuit Parameters of the Boost Converter
Symbol

Quantity

Type/value

Vin (max)

Input voltage

200 V

Vout (max)

Output voltage

420 V

fsw

Switching frequency

20 – 100 kHz

D

SiC Schottky diode

C3D16065D1

Q1

SiC MOSFET

Q2

Si IGBT

Q3

SiC cascode JFET

SCTW35N65G2V
IKW30N65H5
UF3C065040K3S

where D, Vin , Vout , Ts , Iout , ∆IL , ∆Vout and are the duty cycle, input voltage,
output voltage, switching period, ouput load current, the inductor current ripple,
and the output voltage ripple [15].

A
Iin
+
Vin V
−

A
Iout

D1

L1

C1

C2

Q1

+
VoutV
−

RL

Figure 7.2: Schematic of the DC–DC boost converter [15].
Total loss is the sum of the switching and conduction loss of the transistor,
conduction loss of the diode, and the loss of the boost capacitor and inductor [15].
Losses from the drive circuit and reverse recovery of the diode are disregarded
because of their comparative insignificance [15]. Total power loss is expressed as

Ptotal = PQcon + PQsw + PDcon + PP assive
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(7.4)

where PQsw , PQcon , PDcon , and PP assive are the total power loss, conduction and
switching loss of the MOSFET, the conduction loss of the diode, and the inductor
and capacitor power loss [15, 59].

7.2

Converter Performance Evaluation

To analyze the boost converter performance with different device technologies,
the voltage and current waveforms for each device in the boost converters are captured and switching energy losses are measured at given operating conditions [27,
59]. The converter loss and efficiency are obtained at different input voltages,
switching frequencies, and output power levels to evaluate the converter design
with SiC power devices [15].

7.2.1

Turn-Off Waveforms

The switching waveforms of each device are tested at the turn-off condition
when the switching frequency is 20 kHz and output voltage is 400 V, as shown in
Fig. 7.3 [12]. Switching waveforms for the IGBT device have only a slight oscillation during the turn-off transition where the voltage overshoot is insignificant, as
illustrated in the bottom figure [12]. The SiC MOSFET exhibits a prominent voltage overshoot and distinct ringing in both waveforms [12]. The energy-off loss is
74 µj for the SiC MOSFET and 198 µj for the Si IGBT [12]. Although SiC device
has higher oscillations, its switching energy losses is never as high as the IGBT and,
the SiC MOSFET has less energy loss during the turn-off transition [12].
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Figure 7.3: Switching waveforms of the Si IGBT and SiC MOSFET power devices
at the turn-off condition when Vout = 400 V, fsw = 20 kHz and Tc = 25◦C [59].

7.2.2

Turn-On Waveforms

The switching waveforms of each device are tested at the turn-on condition
when the switching frequency is 20 kHz and output voltage is 400 V, as shown in
Fig. 7.4 [12]. In the switching waveforms of the IGBT, there is a current overshoot
of 45 A in the switch current due to the effect of tailing current. The rate of di/dt
for the IGBT is slightly high since the turn-on gate resistance was chosen to be low
in the gate circuit, as shown in the bottom figure. However, the SiC device has a
lower overshoot in the current waveforms, and the peak of its overshoot is about 40
A. Even the gate resistance was increased at the turn-on condition to mitigate the
current and voltage oscillations, the ringing oscillations still appear in the switching performance of SiC MOSFET because of the loop inductance issues and stray
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capacitances in the circuit. However, using the SiC device reduces switching energy loss considerably during the turn-on transition due to its superior switching
properties [12].
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Figure 7.4: Switching waveforms of the Si IGBT and SiC MOSFET power devices
at the turn-on condition when Vout = 400 V, fsw = 20 kHz and Tc = 25◦C [59].

7.3

Semiconductor Loss Comparison

The loss breakdown analysis for each device technology integrated into the converter system can be found in [15]. The device loss is determined based on the sum
of switching, and conduction of switches, as well as other losses, such as a gate
driver loss and diode loss. The conduction, switching off, and switching on losses
for the selected devices at 20 kHz and 400 V are shown in Figs. 7.5 and 7.6.
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Figure 7.5: Switching and conduction losses of Si IGBT and SiC MOSFET power
devices in the boost converter [59].

Figure 7.6: Switching and conduction losses of Si IGBT and SiC cascode JFET
power devices in the boost converter [59].
Both figures illustrate a considerable difference in the semiconductor losses, and
the converter design exhibits higher switching losses as compared to its conduction
losses [6]. However, the SiC cascode JFET and SiC MOSFET experience much
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lower switching and conduction losses when they are implemented in the converter
system. Therefore, utilizing SiC power devices in the boost converter greatly reduces the total semiconductor loss due to their small specific on-resistance and low
energy loss for given operating conditions, as given in Table 7.2 [27, 59]
Table 7.2: Total Loss of Si IGBT, SiC MOFET, and SiC cascode JFET in the Converter Design [59]
Device loss
PQ at Tj = 25◦C
◦

PQ at Tj = 125 C

Config. (1)

Config. (2)

Config. (3)

Si IGBT

SiC MOSFET

SiC JFET

43.83 W

19.36 W

16.55 W

50.29 W

21.74 W

18.15 W

The result shows the Si IGBT/SiC diode has higher semiconductor losses among
other power devices at both low and high temperature operations. Therefore, the
combination of SiC transistors and diodes in the converter design dramatically decreases the switching losses even at higher temperatures because SiC devices have
better thermal conductivity. SiC cascode JFET with SiC Schottky diode demonstrate the lowest total device losses and excellent switching behaviors at 125◦C.
This will improve power dissipation of power electronic converters operating in a
high-temperature environment [6].

7.4

Efficiency Comparison

Fig. 7.7 shows the efficiency of SiC-based converters under different input voltage operations. It can be seen that at low voltages, the converter efficiency with Si
IGBT is dramatically decreased because of its larger conduction losses as compared
SiC power devices at both low and high input voltages, as illustrated in Fig. 7.8.
98

Although the Si-based converter efficiency is relatively close to that of SiC-based
converter efficiency at 200 V, its efficiency reduces rapidly as the input voltage decreases, and it only achieves an efficiency of 90% at the input voltage of 120 V.
However, efficiencies of the converter with SiC power devices are still high even at
lower input voltages and are greater than the converter efficiency with Si devices.
The SiC converters accomplish an efficiency above 93% at low input voltages.
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Figure 7.7: Efficiency comparison at different input voltages with fsw = 20 kHz
[15].
Fig. 7.9 illustrates the efficiency of SiC-based converters with different switching frequencies when those converters operate at 400 V and 1 kW. When the switching frequency is increased up to 100 kHz, the efficiency of the conventional boost
converter decreases significantly, while the SiC-based converters’ efficiency decreases slightly [59]. The converter with SiC cascode JFET achieves an efficiency
of 97.20%, which has the highest efficiency as compared to both the SiC MOSFET
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Figure 7.8: Conduction loss comparison at different input voltages with fsw = 20
kHz [15].
and the Si IGBT-based converters [27, 59]. The SiC-based converters provide an
increase of 2.99% and 2.76% in the overall efficiency at the 100 kHz when compare
to the Si-based converter.
Fig. 7.10 shows a comparison of switching losses of each converter with respect
to different switching frequencies at both low and high input voltages [6]. The
SiC-based converters have very low switching energy losses as compared to the
converter with Si IGBT, which suffers from high switching and conduction losses as
increase the input voltage and switching frequency [6]. Therefore, the results show
efficiency improvements can be achieved by integrating SiC devices in the converter
system because of their high switching speed capabilities and low semiconductor
losses at higher frequencies [27].
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Figure 7.9: Efficiency comparison at different switching frequencies with Vin = 200
V [15].
More tests are applied to the boost converters implemented with each device
technology to demonstrate the influence of operating at different output power levels. Fig. 7.11 shows the comparison of the converter efficiency using Si IGBT, SiC
MOSFET, and SiC cascode JFET power devices with respect to output power levels [12]. The Si-based converter has the lowest efficiency when compared to other
boost converters due to the poor switching performance at different output power
levels. However, this figure shows a considerable improvement in the efficiency
of SiC-based converters and their efficiencies remain above 96% at the high-power
level [59]. Therefore, implementing SiC MOSFET and SiC cascode JFET in the
converter design has a higher benefit at the high-power condition in comparison to
the Si-based converter due to their superior conduction and switching performance,
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Figure 7.10: Switching loss comparison at different switching frequencies with
Vin = 200 V [12].
which allows the power converters to remain an efficient under different load conditions [27, 59].

7.5
7.5.1

Experimental Verification Results
Experimental Setup

The boost converter is used to evaluate the converter design with different device technologies. The hardware setup includes input and output capacitors, output
inductor, 650 V SiC Schottky diode, and 650 V SiC cascode JFET. The Hammond
manufactured inductor of 4 mH with saturation current of 10-15 A (195G05) is selected to use in the converter structure for the continuous operation condition and
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Figure 7.11: Efficiency comparison at different switching frequencies with fsw = 20
kHz [12].
high switching frequency operation [27]. To reduce the reverse recovery effect, a
SiC diode is utilized in the design as a blocking diode. A heat sink mounted on the
bottom of the converter board is commonly used for all three power devices. The
boost converter with each device is continuously operated with a fixed resistive load
of 150 Ω [59]. Table 7.3 shows detailed parameters of the evaluated Si IGBT, SiC
MOSFET and SiC cascode JFET power devices integrated in the boost converter
design [27, 59].
An isolated gate driver is capable of providing the required input gate voltage
range and the peak output current capability. It also satisfies the isolation and protection requirements as well as works at high switching frequency conditions. The
appropriate gate voltage and gate resistance of each device are provided in Table
7.4. This will reduce the instability of threshold voltages and leakage effect dur103

ing the turn-off condition. The gate resistance is selected to be reasonably small to
lower the switching energy loss without significant increase in the device oscillations.
Table 7.3: Main Parameters of the Evaluated Power Devices [59]
Infineon

STMicroelectronics

UnitedSiC

Si IGBT

SiC MOSFET

SiC cascode JFET

IKW30N65H5

SCTW35N65G2V

UF3C065040K3S

650 V

650 V

650 V

55 A (25◦C)

45 A (25◦C)

54 A (25◦C)

RDS(on) (25◦C)

N/A

45 mΩ

42 mΩ

VCE(sat) (25◦C)

1.65 V

N/A

N/A

Vgs

–20/+20 V

–10/+22 V

–25/+25 V

Package

TO-247-3

HiP-247-3

TO-247-3

Device
Vds
Ids (25◦C)

Table 7.4: Gate Voltage and Resistance Specifications for each Power Device
Device

Gate voltage (V)

Gate resistance (Ω)

off

on

off

on

Si IGBT

–5

15

20

5

SiC MOSFET

–5

18

20

15

SiC cascode JFET

–5

20

20

25

Figs. 7.12 and 7.13 describe the voltage and current derivatives for Si IGBT,
SiC MOSFET, and SiC cascode JFET power devices at different gate resistances
[59]. The rates of switching derivatives for SiC devices are much higher than Si
devices. However, increasing the gate resistances can control the switching speed
and decrease the ringing oscillations of each power device. SiC power devices
exhibit higher switching derivatives during the turn-off condition when comparing
their values during the turn-on condition as increasing the gate resistances. The
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Figure 7.12: Turn-off and turn-on dv/dt of Si IGBT, SiC MOSFET and SiC cascode
JFET power devices at different gate resistances [59].
minimum voltage and current derivative values for the SiC cascode JFET are 40
kV/µs and 1.1 kA/µs at the turn-off transition and 6 kV/µs and 0.6 kA/µs at the
turn-on transition. The gate resistance at the turn-off conditions was chosen to be
high to decrease the waveform oscillations [27].

7.5.2

Efficiency Measurement

Before evaluating the performance of the converter and presenting the experimental verification results, the efficiency measurement method will be discussed.
The voltage and current probes need to adjust their reference at zero and remove
their DC offsets. Each probe has a characteristic propagation delay, which will af-
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Figure 7.13: Turn-off and turn-on di/dt of Si IGBT, SiC MOSFET and SiC cascode
JFET power devices at different gate resistances [59].
fect the accuracy and quality of the power measurements. Consequently, the probes
are de-skewed to align the voltage and current waveforms to eliminates measurement time delay and avoid inaccurate measurements for total power loss and overall
system efficiency. In the scope, high resolution (HiRes) mode is selected to obtain
better measurement results of switching waveforms and switching energy losses.
Fig. 7.14 shows a typical diagram for an efficiency measurement. Overall converter efficiency is computed from the average input power divided by the average
output power as express in the following relationship

η = 100% ·
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Vout Iout
Vin Iin

(7.5)

Figure 7.14: Typical diagram for an efficiency measurement.
The Keysight (P2022A) power analyzer with high precision voltage and current probes is recommended to use in order to obtain an accurate efficiency for
power converters. However, a digital oscilloscope DPO3014 is used to determine
the converter efficiency with a reasonable accuracy in the voltage and current measurements.

7.5.3

Experimental Results

This section examines the converter design performance with the utilization of
SiC diodes and transistors demonstrates their impacts on the converter system in
terms of overall system efficiency.
A 650 V SiC cascode JFET released by UnitedSiC, with an on-resistance of 42
Ω is inserted in the converter and tested at 200 V. Its gate voltage applied to the
driver circuit is –5 V for turn-off and +20 V for turn-on transitions [59]. Figs. 7.15
and 7.16 display switching performance of the SiC-based converter. The measured
energy-off and energy-on losses of the SiC cascode JFET in the boost converter
are 62 µj and 372 µj [6]. At the turn-off transition, the result shows a switching
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Figure 7.15: Switching waveforms of the SiC cascode JFET in the boost converter
at the turn-off condition when Fsw = 20 kHz and Tc = 25◦C when Rg(of f ) = 20 Ω and
Rg(on) = 5 Ω.

Figure 7.16: Switching waveforms of the SiC cascode JFET in the boost converter
at the turn-on condition when Fsw = 20 kHz and Tc = 25◦C when Rg(of f ) = 20 Ω and
Rg(on) = 5 Ω.
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improvement in the voltage waveform oscillation, while the ringing oscillation in
the drain current waveform still appears even while the turn-off gate resistance is
increased. At the turn-on transition, the waveform of the SiC transistor has a much
smaller overshoot in the current waveform, but the SiC device exhibits a high rate
in di/dt since a low turn-on gate resistance was chosen in the gate circuit.

Figure 7.17: Efficiency comparison between Si and SiC-based converters [6].
Fig. 7.17 illustrates the efficiency of SiC-based converters at given operating
conations. The Si-based converter experiences very low efficiency because of its
higher total losses among the other two converters. However, the SiC MOSFET
and SiC cascode JFET-based converters achieve a higher overall efficiency. The
converter with SiC MOSFET provides a 2.08% increase in the overall efficiency
when compared to the Si-based converter at the given operating conditions [6].
The converter with SiC cascode JFET has the highest efficiency among others, and
it provides a 2.86% increase in the overall efficiency [6]. Therefore, the result
reveals that the boost converter with a 650 V SiC cascode JFET achieves very high
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efficiency with superior performances and reduced energy losses and across a wide
range of operating conditions [6].

7.6

Price Comparison

Table 7.5 provides the converter inductors and capacitors at different frequencies. Operating the boost converter design at higher switching frequencies can help
to create a compact converter with better power density, which considerably reduces
passive components in the converter circuit, as shown in Fig. 7.18.
Table 7.5: Boost Inductor and Capacitor at Different Switching Frequencies [59]
Switching frequency (kHz)

20

40

60

80

100

Inductor (mH)

10

5

3.33

2.5

2

Capacitor (µF)

15.63

7.81

5.21

3.91

3.13

15

12

9

6

3

20

40

60

80

100

Figure 7.18: Passive element at different switching frequencies.
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Si device are limiting the switching frequency operations of power converters
because of their large semiconductor losses. However, SiC devices enable converter designs to operate more efficiently in high-switching conditions because of
their outstanding switching performance. They allow an increase in the frequency
operation while maintaining higher efficiency. To illustrate, the converter design is
required to work at a higher switching frequency with at least an efficiency of 94%.
According to the previous result of the obtained efficiency for the boost converter
with different device technologies under different frequency operations, it can be
observed that the converter with Si IGBT achieves a 94.01% at 40 kHz, while the
converter with SiC MOSFET achieves a 94.12% at 100 kHz switching frequency
as shown in Table 7.6.
Table 7.6: Price Comparison between the Passive Elements in the Converter Design
Si IGBT-

SiC MOSFET-

based converter

based converter

Switching frequency

40 kHz

100 kHz

Efficiency

94.01%

94.12%

Inductor price

$190

$103.62

Capacitor price

$2.93

$2.06

$192.93

$105.68

Total cost

The price comparison for the passive elements between the converter with Si
IGBT operating at 40 kHz and the converter with SiC MOSFET operating at 100
kHz is shown in this table, while both converters have nearly the same converter efficiency. It is clearly seen that the inductor and capacitor in the SiC-based converter
are much cheaper and smaller when compared to the Si-based converter. SiC power
devices provide a reduction of 45% in the total price of passive components [6].
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The converter with the SiC power device still offers at least a 40% reduction in the
total price while maintaining the same level of converter efficiency even the price
difference between Si and SiC power devices was considered, as given in Table 7.7.
Table 7.7: Price Comparison for Different Device Technologies Implemented in the
Converter Design

7.7

Config. (1)

Config. (2)

Config. (3)

Si IGBT-

SiC MOSFET-

SiC JFET-

based converter

based converter

based converter

T (transistor)

$3.68

$9.98

$10.80

D (diode)

$3.65

$3.65

$3.65

Total cost

$7.33

$13.63

$14.45

Conclusion

The converter design with the utilization of SiC power devices is investigated
and tested at different switching frequencies, input voltages, and output power levels and compared with the Si IGBT-based converter [6]. Their effects on the converter design are demonstrated with respect to overall efficiency and total price. The
results reveal that the boost converter with the 650 V SiC cascode JFET achieves
very high efficiency with superior performances and reduces losses across a wide
range of switching frequencies and output power levels [6]. The semiconductor
losses of the 650 V SiC MOSFET and SiC cascode JFET devices in the boost converter are obtained and compared with the Si IGBT at specific operating conditions
[59]. The results reveal that the SiC-based semiconductor devices utilized in the
converter offer compellingly low semiconductor loss, improve overall converter efficiency, and enhance converter performance [27, 59].
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Chapter 8
Conclusion and Future Work

8.1

Conclusion

The research has introduced the roadmap and development of an efficient and
high speed SiC semiconductor diodes and transistors such as SiC Schottky diodes,
SiC MOSFETs, and SiC JFETs. The unique advantages and superior switching performance of SiC power devices were presented and discussed. These new power
devices can offer fast switching speed, shorter time delay, lower semiconductor
loss enabling power converter designs to operate more efficiently in higher currents, voltages, and temperatures when compared to conventional Si-based converters. The results showed that SiC JFET and SiC MOSFET exhibit lower switching
energy losses and better conduction performance, and they provide at least 40%
reduction in the total device losses in the converter design under high temperature
and high voltage conditions.
This dissertation presented the DPT board and discussed the measurement requirements for the switching characterization. Major components of the DPT cir113

cuit including the gate driver circuit, load inductor, and capacitor bank were summarized. Proper methods for the voltage and current measurement to obtain the
switching waveforms are discussed. The process of voltage and current alignments
were considered and illustrated to achieve an accurate measurement for switching
energy losses and a precise reading for the switching speed of different power technologies. Switching waveforms were captured before and after the de-skew process
to show that voltage and current alignment effects on the measured switching energy losses.
The SiC cascode JFET and SiC MOSFET were evaluated through the doublepulse test circuit and their outstanding switching performance are identified at 400
V and 15 A. The switching behavior and dynamic performance of different SiC
power devices were examined at different gate resistances, DC bus voltages, and
switch currents [12]. The SiC cascode JFET and SiC MOSFET have excellent
switching and better conduction performance with lower energy loss when compared to Si devices [12]. Moreover, SiC power devices at different junction temperatures was tested to demonstrate the temperature dependency of energy losses.
It was shown that energy-off and energy-on losses for SiC MOSFET and JFET
are nearly independent of junction temperature. Utilizing these new power devices
allows further improvements in the power density of converter designs.
The design analysis and operation of different dc-dc high-gain converters for
renewable energy systems was discussed and analyzed. This research investigated
the performance of the converter design with SiC diodes and transistors against conventional Si devices [6]. The SiC-based converter achieved a 97.36% efficiency, an
improvement of 1.63% over the Si-based converter, at the high switching frequency
and load currents [15]. The results indicated that the SiC MOSFET and SiC JFET
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power devices in the converter system performs more efficiently and has a reduced
power loss when compared to the Si-based converters [15, 59]. It was shown that the
total power losses for the SiC-based converters were reduced by at least 20% when
compared to the Si-based converter at different operating conditions [6]. Therefore, Implementing SiC MOSFETs and SiC cascade JFETs allows high-gain dc-dc
converters to operate more reliably and efficiently in fast-switching, high-voltage,
high-temperature operations [6].
Finally, the converter design with the utilization of SiC power devices was tested
at different operating conditions [6]. They achieved a very high efficiency with
a noteworthy performance and reduced losses across a wide range of switching
frequencies and output power levels [6]. Moreover, the experimental setup for the
boost converter was provided, and the measurement approach was discussed. The
SiC cascode JFET and SiC MOSFET power devices significantly decreased both
switching losses and the conduction losses [59]. Therefore, these results revealed
that the power converter with a 650 V SiC cascode JFET achieved a very high
efficiency with remarkable performance and reduced losses across a wide range of
switching frequencies, input voltages, and load conditions [6].

8.2

Future Work

This research examined the switching characteristics and the dynamic behaviors
of different device technologies. The switching losses are tested for various gate
resistances, switch currents, DC bus voltages, and junction temperatures. However,
the static characteristics of different SiC power device can be further examined and
compared with the Si counterparts.
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Recently, Transphorm has developed a 650 V, 4 mΩ GaN cascode which is
an excellent alternative for low voltage switching devices. GaN transistors offer
promise of significant benefits to power electronic converters by improving the
overall efficiency and reducing the converter size and weight at high-switching applications [6]. There is a need to examine switching characteristic and performance
of GaN power devices and demonstrate the advantages of emerging GaN power
devices at a blocking voltage of 650 V on different dc-dc converter topologies [12].
A sophisticated gate driver needs to be designed specifically for SiC power devices at blocking voltage of 650 V with a reduced loop inductance in the gate driver
to suppress the high rate of switching derivatives and ringing oscillations
In the DPT test, the temperature level was limited to be 50◦C to guarantee a
safe operation and avoid any damages that may occur to a device or surrounding
components in the test board. However, investigating switching characteristics of
SiC power devices at a higher temperature operation have received a significant
attention. Therefore, there is a research opportunity that should be considered in
this work by testing these new power devices at junction temperature above 50◦C
in order to investigate their thermal performance capability, as well as switching
energy loss dependency on high temperature conditions.
Even though this work studied the performance of power converters with different SiC devices, control system and protection circuit require them to be incorporated into the converter design in order to fully evaluate the SiC-based converter
at system level and meet the requirements of power converter used for renewable
energy application.
Fast switching speed of SiC power at higher frequency contributes to the ringing
oscillation issues, leading to an increase in EMI noise emission. The incased of EMI
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noise causes excessive voltage and current stresses across the device, which has a
negative impact on the converter reliability and operation under high voltage and
high switching conditions. Therefore, the modeling of EMI filter can be looked at
to mitigate the EMI issue and its impacts on the converter performance that can be
investigated for further improvements.
Reliability of SiC power devices is a major concern when emerging those power
devices made of WBG materials in power electronics converters for many industrial applications. The failure rates and limits of SiC devices needs be investigated
in order to determine their boundaries and maximum operating capabilities. The
question which remains is which ideas and techniques can be implemented in the
circuit design, which would improve the reliability of SiC devices without affecting
their superior switching performance?
Packaging of SiC power devices is still under developments and investigations.
This requires tremendous efforts to minimize their parasitic components while achieving a reliable package, because most of SiC devices use conventional packaging
approaches which is specifically designed for Si devices.
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